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This research work study the various hybrid materials made of polyhedral 
oligomeric silsesquioxanes (POSS) as the inorganic fragment, coupled with organic 
small molecules, oligomers or polymers, and their applications in opto-electronic 
systems. Four main projects have been undertaken.  
In Chapter 2, azobenzene dyes coupled with POSS were investigated. 
Azobenzene and its derivatives have been widely studied in organic devices owing to 
their interesting photo-isomerization properties. Applications at higher temperatures 
are limited, however, due to their intrinsically poor thermal stability. Here a facile 
way to significantly enhance the thermal stability of azobenzene (AB) dyes without 
affecting their photophysical properties through coupling with POSS was proposed. 
The obtained POSS-AB hybrid exhibited significant enhancement of thermal stability 
with 178 oC increase in Td. Application of the hybrid as a photo-switching polymer 
nanocomposite thin film was performed. The interesting liquid crystal behaviour and 
self-assembly properties of POSS-AB were also demonstrated. 
Extending this knowledge of POSS in small molecules, the effect of POSS on 
oligomers was examined in Chapter 3. A series of oligofluorene segments (monomer, 
dimer and trimer) with high color purity was chosen and prepared. Pearl necklace-like 
hybrid polymers made of these oligofluorene segments with alternating bi-functional 
POSS were fabricated via hydrosilylation. The obtained hybrid polymers showed 
enhanced solubility and thermal stability compared with the corresponding neat 
organic conjugated polyfluorene. Studies also revealed that the hybrid polymers 
retained both the properties of the polymers such as easy film formation, and 
characteristics of oligofluorenes such as structural uniformity and regularity, as well 
as well-defined optical properties. OLED devices made from these hybrid polymers 
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showed good device efficiency of 0.785 (Cd/A) and pure blue electroluminescence 
with Commission Internationale de L’Eclairage (CIE) coordinates of (0.17, 0.12). 
Following the above works, we attempted to investigate the Föster resonance 
energy transfer (FRET) phenomenon in a purposely designed poly(oligofluorenes- 
POSS-benzothiodiazole) hybrids in Chapter 4. In these donor-POSS-acceptor triads, 
intra- and interchain FRET upon systematic variation of the donor-to-acceptor ratio 
was studied. The dynamic of energy transfer was studied by steady state as well as 
time resolved fluorescence spectroscopy at varying ratios and concentrations. Results 
revealed that both intra- and inter-chain FRET occur at concentration higher than 24 
µg/mL. Energy migration along the polymer backbone still occurred at low 
concentrations, although more slowly than inter-chain energy transfer. In addition, the 
hybrid was found to self-assemble into nanofibres in methanol. The assembly is 
believed to be driven by the solvophobic interaction of POSS, together with π-π 
interactions between the aromatic segments. These nanofibres presented anisotropic 
emission with anisotropy value of 66% and fluorescence spectrum varied with 
morphologies. Finally, hybrid as a chemo sensor for the detection of explosive 
derivatives were applied.  The results provide insights for optimizing nanostructured 
materials for use in optoelectronic devices. 
    In Chapter 5, thermoplastic epoxy resins with POSS in the main chain were 
designed and synthesized. By adjusting the molar ratio of the commercial DER332 
epoxy resin with POSS, a series of copolymers were obtained. DSC and TGA showed 
that the glass transition temperatures (Tg) of the hybrid resins were dependent on their 
doping. By using these thermoplastic polymers as filler in epoxy resin, the fracture 
toughness of the resultant resins is drastically improved compared with neat epoxy. 
Resins with 5 wt% doping showed Young’s modulus of 3.7 GPa which is 27 % 
increment compared with neat epoxy at 2.9 GPa. Tg was also enhanced from 192.7 
oC 
of neat epoxy to 194.5 oC and Td was enhanced from 377.5 
oC to 392.5 oC. The 
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toughening effect of thermoplastics was further confirmed by DMA and tensile test. 
According to SEM and TEM observation, the toughening effect is attributed to 
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Chapter 1. General Introduction 
1.1 Hybrid Materials 
A hybrid material is a material that contains two moieties blended on the molecular 
scale. Normally one of these components is inorganic and the other one organic. 
Hybrid materials can be roughly divided into two classes according to the relative 
strength of interactions between the components.1  Class I hybrid materials are those 
that show weak interactions between the two segments, such as hydrogen bonding, 
van der Waals, or electrostatic interactions. Class II hybrid materials are those that 
show strong chemical interactions such as covalent or ionic bonds between the 
components. Maya blue is an ancient example of Class I hybrid materials that 
combine the color of organic pigment (natural blue indigo) and the stability of 
inorganic clay palygorskite.2  
Since the 1940’s, some hybrid materials and coupling agents such as silane, 
silicones or metal oxo-specices used in the modification of glass, ceramics or metallic 
surfaces, etc were already patented by companies like Dupont, Dow Corning, etc.3 
The intercalation of organic components inside clays, lamellar compounds and 
zeolites began at the end of 1950’s.4-6 After that, sol-gel derived silica glasses as 
hybrids with numerous organic dyes7 or biomolecules,8 have given birth to “sol-gel 
optics” and “biohybrids”9. Later on, cubic polysisesquioxane10 and metal organic 
frameworks (MOFs)11 were synthesized via sol-gel condensation and became an 
important research domain from 1990’s. Nowadays, glass fiber,12 carbon fiber,13 
mica,14 calcium carbonate15 and kaolin16 have been used in plastic industry as fillers 
to form hybrid materials. Besides these, nanoclay,5 nanosilicates,17 carbon nanotubes 
(CNTs),18 TiO2,
19 polyhedral oligomeric silsequioxanes (POSS)20 and graphene21 are 
emerging as new application area fillers. Thus, hybrid materials are bridging together 
a variety of research areas such as colloids, organometallics, MOFs, clays, 
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mesoporous materials, soft matter and polymers, biomaterials, nanocomposites 
together.22  
Among those types of hybrids, the use of POSS was the subject of this thesis 
whose properties will be given in more details in the following sections. 
1.2 Polyhedral Oligomeric Silsesquioxanes (POSS)  
Silsesquioxanes refer to a group of compounds with the formula (RSiO1.5)n where R 
can be hydrogen or a wide range of organic functional groups or siloxy groups. 
Because of the inert and thermally stable Si-O-Si frameworks and the readily 
modified R groups on the silicon atoms, silsesquioxanes-based hybrid materials have 
found uses in many applications such as in polymer nanocomposites,23 low-k 
dielectrics,24 catalysts,25 organic light-emitting diodes (OLEDs)26 and surface 
coating.27 
1.2.1 Structures and nomenclatures  
The term “silsesquioxane” is composed of three terms “sil-” means silicon, “-sesqui-” 
means one and a half, and “-oxane” means oxygen, i.e. the ratio is 1.5 between silicon 
and oxygen. There are four basic structures of silsesquioxanes: random structure 
(Figure 1.1a), ladder structure (Figure 1.1b), incompletely condensed polyhedral 
structure (Figure 1.1c), and completely condensed structure (Figure 1.1d).28 
 




Because of the complexity, the nomenclature of silsesquioxanes are denoted 
by giving the number of silsesquioxane unit (SiO1.5) in the molecule and functional 
groups on the silicon.29 Take (C6H5SiO1.5)8 for an example, it represents 
octabenzylsilsesquioxane with an octameric cage structure and benzene groups on the 
corner silicon. 
Another way to name silsesquioxane is using letters to describe the type of 
silicon atoms in the silicon-oxygen frameworks, using numerical subscripts to 
describe the number of silicon atoms and optionally using superscripts to denote the 
functional groups attached to corner silicons.28,30 There are four types of 
silsesquioxanes by using this method as shown in Figure 1.2. “M” represents for one 
silicon bound to one oxygen atom, “D” is one silicon bound to two oxygen, “T” is 
one silicon bound to three oxygen and “Q” stands for one silicon bound to 4 oxygens. 
So octabenzylsilsesquioxane is named as T8
Ph or Ph8T8. 
 
Figure 1.2 The nomenclature method of silsesquioxanes by using letters. 
 
Among these, the T structures as shown in Figure 1.1c, d and Figure 1.2 are the most 
studied due to their easy controlled synthesis and good performance. There are also 
other limited T structures like hexameric silsesquioxanes (RSiO1.5)6 or T6, decameric 
silsesquioxanes (RSiO1.5)10 or T10 and dodecameric silsesquioxanes (RSiO1.5)12 or 
T12.
28,31,32 It is noted that all of these are in condensed cage structures, and the term 




1.2.2 Formation of silsesquioxane cages and their modifications 
Silesesquioxanes are the product of hydrolytic condensation reaction of trifunctional 
silicon monomers RSiX3, where R is normally a chemically stable substituent (CH3, 
phenyl, or vinyl) and X is a highly reactive substituent (Cl, OH or OR).32  
nRSiX3 + 1.5nH2O → (RSiO1.5)n +3n HX 
Octameric silsesquioxanes resulting from hydrolysis condensation of HSiCl3 
shows low yield of product (15-20%) and decameric silsesquioxanes (5-10%) cubes. 
The condense process is affected strongly by the following factors : (1) Concentration 
of initial precursor, (2) Solvent, (3) Functional group R, (4) Substituent X, (5) Rate of 
water addition, (6) Type of catalyst, (7) Reaction temperature and (8) Solubility of 
formed oligomers. During this reaction, there are intermediates formed in equilibrium 
with others as reported and shown in Figure 1.3.33 
 
Figure 1.3 Hydrolysis and condensation of silsesquioxanes. 
 
Due to the complicated process involved, there is no universal procedure to 
the syntheses of silsesquioxanes. However, specific silsesquioxanes can be 
synthesized by carefully controlled reaction conditions. The general trend is high 
concentration of precursor RSiX3 will favour the formation of silesequioxane 
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polymers; active R such as H, methyl and X such as Cl, OH will hydrolysed faster 
leading to silsesquioxanes; dilute reaction solution will favour the intramolecular 
cyclization to form POSS; polar solvent like alcohols will favour polymer formation 
whereas organic non-polar solvents can decrease intermolecular interaction and 
favour intramolecular condensation; low reaction pH favour the cyclization of 
intermediates while high pH favour their polymerization; Suitable amount of water is 
necessary for hydrolysis whereas too much water will causes polymerization; the 
solubility of intermediates formed during reaction has large influence of the target 
yield.29,32,34 
 
Figure 1.4 General structure of POSS 
 
Octameric silsesquioxanes are unique molecules consist rigid silica core 
(~0.53 nm) and eight organic groups surrounded. The sphere-like molecule is 1-2 nm 
in diameter with volumes less than 2 nm3 as shown in Figure 1.4. The nanometre 
dimensions, high symmetry and easy modification make them good candidate for 
hybrid materials. The high symmetry will lower the possibility of defects in 
assembled structure because symmetrical molecule would be able to align easily. The 
multiple functional positions can be customized according to different purpose and 
they are essential in forming 2 or 3-dimensional structures by anchoring them 
together. Therefore, the synthesis and modification of cubic silsesquioxanes is crucial 
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research work, the general short form “POSS” to refer to this structure will be used in 
the thesis. 
Generally, there is two ways to synthesize target POSSs. One is synthesis of 
POSS compounds by hydrolysis and condensation, the second route is by corner 
capping of partially condensed silsesquioxanes T7R7(OH)3.  
Take the formation of octaphenylsilsesquioxane [PhSiO1.5]n as an example for 
direct hydrolysis and condensation. They can be synthesized from various starting 
materials using both acid and base catalyst whereas base-catalyzed synthesis offer 
better yield.35-37 The earliest studies on the synthesis of octaphenylsilsesquioxane 
were reported by Olsson et al. in 1958 by refluxing PhSiCl3 in methanol with HCl as 
catalyst with a 9 % yield.38 An optimized synthesis was developed by Brown et al.37 
to achieve yield higher than 90% from commercially available PhSiCl3, which was 
hydrolysed in ethanol to form PhSi(OEt)3 first as shown in Figure 1.5.
32 Then the 
condensation of PhSi(OEt)3 was proceeded in catalytic amount of KOH and water in 
toluene to afford octaphenylsilsesquioxane after recrystallization.  
 
Figure 1.5 Path way for the synthesis of Octaphenylsilsesquioxane. 
 
Octaphenylsilsesquioxane (OPS) is an important precursor for the synthesis 
of various functionalized POSS such as octa(nitrophenyl)silsesquioxane (ONPS) and 
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Octa(aminophenyl)silsesquioxane (OAPS) (Figure 1.6a).39 ONPS can be used to 
produce its amino derivatives OAPS which can be used for numerous applications 
such as in epoxy nanocomposites.40 Results show the highest rubbery modulus is 
obtained when NH2 : epoxy ratio is 1:1 as shown in Figure 1.6b. Besides OAPS, 
brominated OPS (BrxOPS), iodized OPS (p-I8OPS) have also been synthesized.
41,42  
 
Figure 1.6 (a) Synthesis of ONPS and OAPS and (b) OAPS/epoxy nanocomposite. 
 
 
Figure 1.7 Open cage reaction of OPS in base under different condition. 
 
By using stoichiometric concentrated base, half cage of OPS which appears 
as intermediates involved in the formation of full cage is also possible. 
Shchegolikhina reported the synthesis of half cage POSS by using NaOH in nBuOH 
as shown in Figure 1.7a.43,44 By varying the ratio of OPS to base, different open-
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caged structures can be obtained as Figure 1.7b which provides one example of a set 
of corner open method that allow further introduction of mono-functional group by 
hydrolysis reaction from silanes.45,46 Those mono-functionalized POSS has been used 
as terminal or pendant groups in polymers composites47 as introduced later. At certain 
condition, the open caged reaction can give quite unique structure as shown in Figure 
1.7c which is named double-decker OPS. Reaction of isobutyl SiHCl2 with double-
decker OPS produced trans and cis isomers of dihydroxy compounds. Such bi-
functionalized POSS can be incorporated into the main chain of polymers and their 
potential properties are just now being investigated.46  
The second method is by corner capping of partially condensed 
silsesquioxanes, R7Si7O9(OH)3 as shown in Figure 1.8. The synthesis of POSS 
derivatives T8R7R’ all follow same general reaction scheme, where R7Si7O9(OH)3 or 
its sodium salt Na3[R7Si7O9(O)3] is reacted with a chloro- or alkoxysilane in the 
presence of a base such as triethlamine (NEt3) or tetraalkylammonium hydroxide. 
R7Si7O9(OH)3 + R’SiX3 → T8R7R’ X=Cl, o-alkyl etc. 
 
Figure 1.8 Corner-capped reaction of POSS. 
 
Many of the early work on these POSS derivatives was conducted by Feher et al.48 
Much of current direction and application for the corner-capping of such POSS is the 
integration into other materials such as property changing monomer or composites. 
Regarding the opto-electronic application of POSS, knowing the energy gap 
is quite necessary. POSSs are usually regarded as insulators because the Si-O-Si 
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repeating structure whereas the silesesquioxane inorganic core has been thought of 
the smallest single crystal of silica. Calculation on the simplest POSS H8T8 (Figure 
1.9) show that the highest occupied molecular orbital (HOMO) of H8T8 consist of 
atomic orbital of lone pairs electrons on oxygen and the lowest unoccupied molecular 
orbital (LUMO) consist of atomic orbitals of oxygen, silicon and hydrogen atoms. 
LUMO is of spherical shape located in the centre of POSS molecule. Results showed 
that the energy gap between HOMO and LUMO is estimated to be 6-7eV, indicating 
that POSS is an insulator.49,50 
 
Figure 1.9 Structure and HOMO, LUMO of H8T8. (Reprinted with permission from reference 
50. Copyright 2004. American Chemical Society) 
 
Although silicon atoms exhibit low electronegativity (1.90 vs. 2.55 eV for 
carbon atom on the Pauling scale), silsesquioxanes core is actually electrophilic. This 
is evidenced by the encapsulation of fluoride (F-) inside the POSS cage and it can 
only be isolated when the functional groups on the corner are mildly electron 
deficient groups such as vinyl, phenyl or perfluorinated alky groups.51,52 Theoretical 
calculations on H8T8 encapsulated with ions also show that the formation of F
-/H8T8 
with ion inside the cage was 60-80 kcal/mol,50 whereas most positive charged metal 
ions prefer to form exohedral complex with ion outside the silsesquioxane core.50 




1.3 Hybrid Materials with POSS 
Organic/inorganic hybrid materials based on POSS derivatives have attracted 
considerable attentions due to several advantageous properties resulting from the 
unique structure of POSS nanoparticles.53-70 Through appropriate design, POSS 
hybrids can provide advantages of both nanoparticles and functionality of organic 
materials.71-94 The presences of POSS can provide additional free volume, supress the 
aggregation of chromophores and improve quantum efficiencies due to its nanometre 
size. Furthermore, POSS can improve the thermal stability, enhance mechanical 
performances and reduce flammability of several polymers. For example, polymers 
are widely used due to their light weight and ductility. However, the low modulus and 
strength make polymers less attractive in engineering.  Nanometre-sized POSSs have 
large surface area-to-volume ratio. After proper modification on their substitutions, 
they can be easily dispersed into polymer matrix, hence facilitating the enhancement 
of desired performances. Herein, the thesis reviewed some typical applications of 
POSS hybrids in opto-electronics, liquid crystals, biological area and polymer 
nanocomposites including polyolefin, polystyrene, epoxy resins, PCL, polyamide, 
polyurethane and some other related areas. 
 
1.3.1 Application in opto-electronics 
    Numerous examples of application of POSS molecules have been published in the 
field of optics and electronics. For example, Alan Sellinger et al.53,54 reported various 
POSS based hybrids by Heck coupling from 1-bromopyrene and heptylbenzene with 
octavinyl-T8 as shown in Figure 1.10. The hybrid materials contain a spherical silica 
core with pyrene and 4-heptylbenzene functionalized periphery. As opposed to most 
pyrene based materials that are easy to crystalized and non-emissive in the solid state, 
POSS modified pyrene materials are amorphous, soluble in common solvent and form 
luminescent powders and thin films. Size exclusive chromatography (SEC) in THF 
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reveals single peak with low polydispersity value of <1.05, suggesting no byproducts 
or core breakdown during reaction. The product exhibit high Td of 450 
oC and Tg of 
185 oC. Solution processed OLED using this materials provide sky-blue emission 
(C.I.E= 0.272, 0.567) with current efficiencies of 9.56 cd/A and external quantum 
efficiencies of 3.64%. 
 
Figure 1.10 Structure pyrene-POSS hybrid compound and plots of efficiency. (Reprinted with 
permission from reference 54. Copyright 2007. American Chemical Society) 
 
POSSs have also found application in polymer-based organic photovoltaics 
(OPVs). The key limitation of OPVs is the low power conversion efficiency which is 
determined by the process of photo absorption, exciton separation and prevention of 
recombination of electron/hole pairs before their arrival to the electrode.  All these 
factors are in turn determined by the morphology and composition of active layer in 
OPVs where there is p-type conjugated polymers serving as donor and n-type 
fullerene serving as acceptor. Phase separation is generally controlled by 
crystallization and aggregation process of donor and acceptor. Carbon nanotubes, 
silver nanowires and gold nanoparticles have been reported to incorporate into active 
layer in an attempt to enhance morphology control. However, it is difficult to obtain 
adequate dispersion of nanoparticles into polymer.55  POSS is nano-sized molecule 
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with variable functional groups. Thus it is possible to change the morphology, 
crystallinity and phase dispersion when incorporated with polymer. Wu et al. has 
introduced POSS to air processed poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-
phenyl C61 butyric acid methyl ester (PCBM) OPV system as shown in Figure 1.11.55 
The effects of POSS in hybrid’s morphology and absorbance changes on OPV device 
performance were determined. Conductive-AFM and nanomechanical mapping 
showed that Ph-POSS modified film exhibited a small amount of conductivity and 
were of higher relative hardness. The enhanced UV absorption was attributed to 
improved phase separation and nanoscale morphology in the Ph-POSS containing 
films and to the Ph-POSS/PCBM aggregates. OPV performance test showed that the 
Ph-POSS modified P3HT:PCBM cell exhibited improved performance in comparison 
to the neat P3HT:PCBM cell, with the short current density increasing from 7.9 to 9.0 
mA/cm2, the fill factor increasing from 43.9 to 51.2% and the power conversion 
efficiency improving from 2.08 to 2.62%. These improvements were also attributed to 
enhanced phase separation and improved scattering within the film due to Ph-
POSS/PCBM aggregates. The SH-POSS-modified film, on the other hand, showed 
poorer performance than the standard, which was attributed to greater irregularity in 
the nanoscale morphology. 
 
Figure 1.11 Conductive atomic force microscopy and I-V curve of different POSS modified 





1.3.2 Application in lithium ion batteries 
Linear poly(ethylene oxide) (PEO) has been intensively studied in lithiuim ion 
batteries because of its ability to conduct lithium ions.56,57 However, its low ionic 
conductivity originated from low segmental motion in crystalline phase has restricted 
the utilities for practical lithium-ion battery applications. The grafting of PEO chains 
onto POSS has been widely reported. The PEO/POSS hybrids results in chain length 
dependent Tg and the suppression of crystallization because of the star-shape 
polymers feature and high ratio of chain ends. Furthermore, PEO/POSS have lower 
melt viscosity and greater free volume than PEO itself at similar molecular weight. 
This is because POSS can provide additional free volume to polymers matrix due to 
high steric effect, resulting in a high chain mobility of polymers. Zhang et al.57 has 
blended POSS-PEO (n=4)8 (3K), PEO (600K) and LiClO4 at different ratios. A low 
Tg phase of 85% POSS-PEO/15% PEO and a higher Tg phase of 29% POSS-PEO/71% 
PEO were found. Conductivity test showed that the POSS-PEO exhibited higher 
conductivity over the whole temperature range (10-90 oC). The highest RT 
conductivity, 8x10-6 S/cm, was obtained for a 60% POSS-PEO(n=4)8/40% 
PEO(600K)/LiClO4 (O/Li=12/1) blend. To further increase the ionic conductivity, 
Shim et al.58 recently reported branched hybrid PEO/POSS comprising poly(ethylene 
glycol) methyl ether methacrylate (PEGMA), 3-(3,5,7,9,11,13,15-
heptaisobutylpentacyclo 9.5.1.1.1.1.]octasiloxane-1-yl)propyl methacrylate (MA-
POSS), and ethylene glycol dimethacrylate (EGDMA) via reversible addition–
fragmentation chain transfer (RAFT). The maximum ionic conductivity of the 
branched hybrids (BCP) with 21mol % of MA-POSS was 1.6 x 10-4 S/cm at 60 oC 
and the contrast linear hybrids (LCP) with 21mol % of MA-POSS was 5.6 x 10-5 S 
/cmat 60 oC. Results indicated that BCP have higher ionic conductivity than the LCP, 
due to the increased chain mobility, as estimated by a smaller Tg value. 
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1.3.3 Application in liquid crystal (LC) 
Due to the unique characteristics of POSS, it has been used as core for organic-
inorganic hybrid liquid crystal (LC) materials. POSS was used to prepare LC since 
1991,59 after which different POSS based LC was prepared with different mesogens.60 
POSS based LCs are generally prepared from the modification of octameric 
silsesquioxanes with various mesogens via hydrosilylation reaction. Flexible chains 
are normally used to link POSS and various mesogens in order to modulate solubility, 
thermal property and assembly architectures. By governing the intrinsic properties, 
shape and the number of substitution of mesogens, the size and structure of POSS LC 
could be well controlled. For instance, by introducing chiral nematic mesogens to 
POSS with a moderate linker lead to only chiral nematic phase.61 Wang et al.62 has 
studied the effects of number and length of peripheral alkoxy groups on the formation 
of LC. Results showed that POSS with di- and tri-substituted mesogens exhibit much 
higher flexible group density than those with singe-substituted mesogens. The first 
discotic LC based on POSS was reported by Cui et al.63 Asymmetric disk-cube dyad 
molecule by covalently attaching 2-hydroxy-3,6,7,-10,11-
pentakis(pentyloxy)triphenylene (P5T-OH) discotic molecule to a cubic POSS  
molecule via a spacer as shown in Figure 1.12.63 The P5T molecule assembled into a 
bilayer structure between POSS lamellar crystals in P5T-POSS with a parallel 
alignment of the disks to the layer normal (reminiscent of a homeotropic discotic 
nematic phase) in the neat P5T-POSS, whereas they were isotropic in the 1:1 P5T-
POSS:POSS blend at room temperature. Miniewicz et al.64 incorporated azo-benzene 
unit into eight armed POSS. The formed hybrid nanoparticals exhibited nematic 
liquid crystalline matrix with light-driven properties.  They also studied the third 





Figure 1.12 Synthesis of an Asymmetric P5T-POSS Dyad Molecule. (Reprinted with 
permission from reference 63. Copyright 2006. American Chemical Society) 
 
1.3.4 Application in biological area 
POSS has attracted a great deal of attention in materials filed due to its unique cage-
shaped structure and good solubility in many solvents.31 Furthermore, POSS shows 
little cytotoxicity and high stability under biological environment.65 The 
biocompatibility of POSS derivatives has prompted investigation in the field of 
biomaterials chemistry. [T8[(CH2)3NH3]8Cl8 has been partially functionalized with 
boron dipyromethane (BODIPY) dye to prepare a potential drug delivery.66 The 
BODIPY functionalization gave fluorescent properties to the molecule. The partial 
modification is due to steric hindrance of big POSS cage, the remaining ammonium 
groups can increase solubility in aqueous solution, favouring cellular uptake drugs. 
Results demonstrated the intake of fluorescent moiety in the cytosol of the cell and 
POSS-BODIPY showed little cellular toxicity. 
The biocompatibility and low toxicity properties has hampered the 
application of quantum dots,67 silica nanopartical,68 carbon nanomaterials,69 metal 
nanoparticals70 and up-conversion nanophosphores as a biosensor.71 Incorporation of 
POSS into luminescent materials has been reported to improve solubility and retain 
the luminescence in the aggregate state.72 Thus POSSs are promising materials for 
biological applications. Fanfan Du et al.73 synthsized amphiphilic fluorescent polymer 
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containing asymmetric perylene bisimide with single amino functional POSS as 
shown in Figure 1.13. 
 
Figure 1.13 Amphiphilic fuorescent hybrid polymer nanoparticals with POSS. (Reprinted with 
permission from reference 73. Copyright 2012. American Chemical Society) 
 
Conjugated molecules such as perylene bisimides (PBIs) normally form 
excimer-like emission due to weakly interacting π-stacking PBI in solution. The 
attractive red emission is generally strongly quenched by π-stacking in aggregate state. 
Their design has considered the nanosize effect which could effectively separate 
molecules between. The formed amphiphilic polymer contains highly hydrophobic 
POSS unit and PBI species as well as thermoresponsive water-soluble PNIPAM 
segments. In aqueous solution, the amphiphilic nature lead them self-assemble into 
core-shell micellar structures at room temperature. The photoluminescent properties 
are retained with quantum yield of 27% in its aggregated state.  
1.3.5 Application in polymer nanocomposites 
Compare with metals and ceramics, polymers normally exhibit lower moduli and 
strength. One way to effectively improve the mechanical properties of polymers is to 
toughening them with inorganic nanopartical (1-100 nm). Unlike most fillers, the 
nano-scale POSS molecules contain organic substituents, making them compatible 
with most polymers. Furthermore, POSS derivatives are non-volatile, odourless and 
environmental friendly materials. The incorporation of POSS into polymer can 
obviously improve its mechanical properties (strength, modulus, rigidity etc.), reduce 
flammability, viscosity during processing and heat evolution. Such effects can be 
observed in wide range of thermoplastic and thermosetting polymers.  POSSs 
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functionalized with various reactive organic groups can be incorporated into many 
existing polymer system through blending, grafting and copolymerization. Depending 
on the number of functional groups on  POSS, various architectures  of 
polymer/POSS nanocomposites can be obtained as shown in Figure 1.14.74 
 
Figure 1.14 Polymer/ POSS architectures. 
 
Polyolefin/POSS and norbornyl/POSS copolymers 
Coughlin and coworkers75 synthesized polyethylene (PE)/POSS hybrids 
through ring-opening metathesis polymerization (Figure 1.15). The resulting material 
exhibited two distinctly different crystallizing components. Ye et al.76 synthesized 
hyperbranched PE by covalently tethered acryloisobutyl-POSS with ethylene. The 
covalent incorporation of high amount of POSS significantly reduced the viscosity of 
the copolymer compared with pure PE of same molecular weight. They ascribed the 
low viscosity to the high compatibility of modified POSS with polymer matrix. 
Thermal studies show that POSS can significantly enhance thermal oxidative stability 




Figure 1.15 PE/POSS hybrids through ring-open polymerization. (Reprinted with permission 
from reference 75. Copyright 2001. John Wiley and Sons) 
 
Zhou et al.77 studied the crystallization behavior of polyproperlene (PP)/ 
octavinyl-POSS prepared with physical blending and reactive doping. Results show 
that the crystallization of PP/POSS was strongly affected by preparation methods. In 
physical blending sample, POSS works as effective nucleating agents to accelerate 
the crystallization of PP. In reactive doping sample, the crystallization rate increased 
more obviously due to the stronger nucleating effect of PP grafeted POSS. Misra et 
al.78 studied the surface energy and mechanical behavior of PP/isobutyl-POSS 
prepared by melt blending. Results showed that incorporation of 10% POSS reduced 
3% surface energy (to 24mN/m) and increased 27% contact angle (to 99o). 
Polystyrene/POSS nanocomposites 
Patel et al.79 prepared polystyrene (PS)/POSS nanocomposites with various R 
groups to identify the effect of substituent groups of POSS on material properties. 
When the POSS substituents were benzene rings, Tg of PS/POSS was significantly 
higher than that of alkyl groups. This is because benzene rings are compatible with 
PS, allowing massive pendent POSS to restrict the segmental motion. Alkyl groups 
are less compatible with PS phenyl rings, thus they are packing less efficiently. 
Recently, Stephen Z. D. Cheng’s group has synthesized various giant surfactant based 
on PS/POSS via living anionic polymerization, hydrosilylation and thiol-ene click 
chemistry.80-83 The giant surfactant possesses a hydrophilic head (carboxylic acid-
functionalized POSS) and a hydrophobic tail (polystyrene) as shown in Figure 1.16.80  
Normally, the self-assembly mechanism of amphiphilic block copolymers involves 
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random-coil-like flexible chains in both the coronas and cores. Those flexible chains 
possess a variety of chain conformations in the micellar assemblies, making the study 
of overall aggregation behavior difficult. However, the prepared giant surfactants 
with POSS have molecular size comparable to those of amphiphilic block copolymers 
and molecular shape similar to that of small surfactants with a polar head. Thus, it 
would be allowed to study the self-assembly mechanism in terms of minimize the free 
energy of the micelles. MALDI-TOF mass spectrum of PS-APOSS exhibits only one 
narrow distribution at m/z 4308.4 which agreed well with calculated value.   The 
amphiphile property of PS/APOSS, conformational rigidity of the APOSS head and 
the strong APOSS-APOSS interactions allows it to form micelles in selected solvents 
characterized by normal TEM and cryo-TEM. Furthermore, the micelles morphology 
can be tuned from vesicles to cylinders and then spheres by adjusting the ionization 
degree of carboxylic acid monitored from FTIR. 
 
Figure 1.16 Synthesis of PS-APOSS by anionic Polymerization, hydrosilylation, and thiol-Ene 




Both mono- and multi-functional POSS-epoxy have been incorporated into 
the backbone of epoxy resins to improve their thermal properties. POSS units can 
increase Tg of epoxy resins by hindering the segmental motion of molecular chains 
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and network junctions. Laine et al. prepared octaglycidyl-epoxy POSS (OG-POSS) 
by reacting T8H8 with 4 or 8 equiv of allyl glycidyl ether with Karsted’s catalys 
[Pt(dvs)]84.  
Kuo et al. 85 has prepared epoxy/POSS nanocomposites from OG-POSS and 
curing agents of diethylphosphite (DEP) and dicyandiamide (DICY). The 
nanocomposites with high OG-POSS ratio exhibited good thermal stability, low 
flammability and high storage modulus. A disordered POSS aggregates was observed 
in diglycidyl ether bisphenol A (DGEBA) /OG-POSS with particle size of 30-50 nm. 
The enhanced storage modulus was ascribed to the nano-reinforcement effect of 
POSS cages and extra crosslink between DGEBA and OG-POSS.86 
PCL/POSS nanocomposites 
PCL/POSS has been synthesized through ring-opening reaction of ԑ-carprolactone 
using hydroxyl group functionalized POSS (OH-POSS) as initiator.87 The star shape 
PCL/POSS possessing different degree of polymerization have been synthesized via 
catalysis with stannous octanoate [Sn(Oct)2].
88 Zheng et al.89 studied the melting and 
crystallization behaviour of POSS-terminated PCL and found that the equilibrium 
melting temperature was enhanced compared with the pure linear PCL. The overall 
crystallization and growth rates of POSS terminated PCL also increased with the 
increase of POSS percentage. Sun et al.90 recently prepared poly(ε-caprolactone-co-
lactide) (PCLLA) with POSS initiated ring-opening copolymerization of ε-
caprolactone and L-lactide. The formed core-shell particles were further polymerized 
with D-lactide to form poly(D-lactide) (PDLA) as outer shell as shown in Figure 1.17. 
Such nanocomposites exhibited 10-fold increase in elongation at break while 
maintaining other mechanical properties. XRD, SEM and TGA indicated strong 





Figure 1.17 Synthesis of POSS-Rubber-D Core−Shell Particles by Ring-Opening 
Polymerization. (Reprinted with permission from reference 90. Copyright 2012. American 
Chemical Society) 
 
It is reported that POSSs can confer mechanical strength of polycaprolactone (PCL) 
and provide controlled degradation for a biological implant. Mechanical analyses 
reveal that the Young’s modulus of the nanocomposite is significantly improved with 
the incorporation of POSS. The degradation of PCL is also controllable in terms of 
nerve conduits where a slow degradation is required over a period of few months 
rather than weeks. Toktam Nezakati et al.91further extended the work by using doping 
graphene flakes in (trans-cyclohexanediol)POSS-PCL nanocomposites at different 
ratios via solution intercalation. The chemical reaction was confirmed by FTIR, and 
electrical properties showed conductivity improvement, by Raman spectroscopy and 
EIS. The impedance spectroscopy of 5.0 wt% and higher concentration of multi-
layers grapene in POSS-PCL represented major improvement in conductivity from 
insulating polymer (10-13 S cm-1) into conductive polymer (10-4 S cm-1). 
Other nanocomposites based on POSS such as polyamide/POSS, polyimide/POSS 
and polyurethane/POSS 
Polyamide/POSS including nylon/POSS, Poly(N-isopropyl acrylamide) 
(PNIPAM)/POSS and PVP/POSS have been reported by in-situ polymerization 
mechanism (hydrolytic and anionic) from 3-caprolactam and amine modified POSS85 
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or through chemical reaction between the N-H group of PNIPAM and epoxy group of 
octa(propylglycidyl ether)-POSS.92 
There are generally two methods to incorporate POSS into polyimide matrix. One 
is to use POSS derivatives with eight functional groups such as amino and epoxy 
group as cross-linker. In this way, the dielectric constants of polyimide/POSS can be 
reduced and thermal stability increased with increasing POSS ratio. The decrease of 
dielectric constant of the hybrids is due to the rigid and large size of POSS. This alo 
gives high free volume can loose the polymer matrix.93 The second one is to blending 
polymer precursor with fluorinated POSS. Due to the low polarity of fluorinated 
POSS, it is compatible with the polymer matrix and can improve dispersion. 
Therefore, free volume is also increased.94 
Another application of POSS-polyimide is sieving gases. Raaijmakers et al.95 
reported hyper-cross-linked polyPOSS-imide membranes for sieving of hot gases 
such as H2/N2, H2/CH4, H2/CO2 and CO2/CH4. The network characteristics allow 
persistence of gas separation performance via selection of the imide bridge that 
connects the POSS cages up to 300 oC. The hybrid membranes are prepared by by 
interfacial polycondensation of octa-ammonium POSS in water and dianhydride in 
toluene, resulting the formation of polyPOSS-(amic acid) membrane film. Then the 
polyPOSS-imide was prepared after thermal conversion at 300 oC for 2h.  
Polyurethane/POSS nanocomposites can be prepared through the reaction of POSS 
substituted by either 3-(allylbisphenol-A) propyldimethylsiloxy groups or 
hydridomethylsiloxy group. Polyurethane/POSS exhibited enhanced surface 
hydrophobicity and decreased surface energy compared with pure polyurethane.96,97 
Due to the well-defined cage-like structure and surrounded tunable substituents, 
POSSs recently are also allowed to function as self-assembly nanobuilding blocks. 
The hydrophobic POSS molecules have strong aggregating ability in water, thus it 
allows effective control of the motion of chains and induce self-assembly. The POSS 
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based amphiphilic hybrid polymers can form micelles, vesicles and some other shapes. 
Li et al. 98 prepared multistimuli responsive system through a light controlled 
supramolecular assembly. An amphiphilic molecule, mono-cyclodextrin substituted 
isobutyl POSS (mCPOSS) was firstly synthesized by copper-catalyzed azide-alkyne 
cycloaddition (CuAAC). Then, a biocompatible pH/temperature-responsive molecule 
azobenzene end-capped poly(ethylene glycol)-b-poly(2-(dimethylamino) ethyl 
methacrylate) copolymer (PEG-b-PDMAEMA-azo, PPA) was synthesized by ATRP. 
The self-assembly of micelles could be adjusted by the ratio of PPA and mCPOSS 
and the formation and dissociation of micelle could by controlled by visible and 
ultraviolet light. Besides non-covalent interaction, when POSS nanocages are 
covalently bonded to polymer blocks, the resultant hybrids exhibit interesting 
interfacial behaviours due to the low solid-state surface energy. Bauer et al.99 reported 
the use of POSS-MMA copolymer to stabilize the POSS-MMA/PCL core/shell 
interface for the fabrication of electrospun fibers. When the POSS-MMA/PCL mass 
ratio was above 40:60 and below 60:40, the resultant fibers were stretchy, 
bicontinuous and thermal stable. The phase separation resulted in PCL emulsion 
droplets dispersed in POSS-MMA rich phase will minimize the interfacial energy. 
The study provides insights into encapsulation materials for drug-eluting coating and 
protected from thermal and chemical destruction. 
For the photo-responsive hybrids based on POSS, Ledin et al. 100 also synthesized 
POSS-azobenzene hybrids which are similar as my work in Chapter 2. Differently, 
they prepared three different lengths of azobenzenes modified eight-arm POSS via 
hydrosilylation coupling. They found that POSS core does not affect the kinetics of 
trans-cis photoisomerization and thermal cis-trans relaxation. The thermal stability 
strongly depends on the type of organic substituent, with simple monoazobenzene 
having the highest decomposition temperature. All the hybrids were shown glass 
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transition temperature from 10 to 70 oC. The branched POSS-Azo are also high 
thermal stable, low aggregation and easy to process. 
1.4 Objective and significance of this thesis 
    As reviewed in the last section, numerous studies have been reported on the 
syntheses and applications of POSS in hybrid polymers. From the viewpoint of 
application, there are still some research gaps for POSS based hybrid materials are as 
summarized below:  
Firstly, mono-functionalized POSSs are normally used for grafting onto polymers, 
whereas few studies have investigated the grafting onto small molecules. Interesting 
optical or thermal properties may obtain if it is connected with small dye molecules. 
Secondly, the classic multi-functionalized POSSs have been widely applied as 
nanofiller in preparing polymer nanocomposites, however, the application of bi-
functional POSSs is limited since the synthesis of bi-functional POSS is still a 
challenging task. 
With these considerations, this project aimed to design and fabricate various hybrid 
nanostructures based on POSS to study its effect on small molecules, oligomers and 
polymers.  
    The specific objectives of this research include: 
(I) synthesize POSS-azobenzene hybrid as an example of incorporating POSS to 
small dye molecules, and study its optical and thermal behaviors. 
(II) design a bi-functional POSSs that can be efficiently coupled to oligomers and 
study its effect on the optical purity of such polymers. In this case, study the 
oligofluorenes system have been chosen. Preparation of donor-POSS-acceptor 
polymer system  was planned and studyed the Föster resonance energy transfer in 
such system.   
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(III) use the prepared bi-functional POSS above in epoxy resins to study the 
toughening effects in such polymer  nanocomposites. 
    The results of the present study may have significance on two fronts: (i) providing 
design principle and methods of synthesis various POSS hybrids and (ii) indicating 
potential applications of these different hybrid nanomaterials. POSS as building 
blocks in functional mateirals are well studied, however, there are still several 
problems. For example, the solubility of POSS hybrid materials must be considered 
when they are applied in preparing devices such as OLEDs and OPVs. While the 
engineering aspects of such fabrication are not the focus of this thesis, but 
modification of materials from a chemist’s point of view will certainly offer new 
perspective in such applications. 
    Thus, this thesis is written with the above-mentioned four directions. In the second 
chapter, the modification of one armed POSS and its effect on azobenzene as example 
of small molecules will be discussed .In Chapter 3 and 4, bi-functional POSS was 
prepared and coupled with emission oligomers as well as donor-acceptor pairs for 
optical applications. The application of POSS in polymer nanocomposites optimized 
as thermoplastic fillers will be discussed in chapter 5. Finally, some conclusions and 






Chapter 2. Thermally Stable Azobenzene Dyes through 
Hybridization with POSS 
2.1 Background on Azobenzene 
Small organic dye molecules such as azobenzene and its derivatives have attracted 
considerable attention in research both fundamentally and practically due to their 
interesting photo- and thermal isomerization properties.101-104 Due to the presence of 
N=N double bond, azobenzene trans- or cis- isomerization can be induced by heat or 
using photons of specific wavelength. Accompanying this isomerization process, 
there are changes of the n-π* absorption in the visible region and the π-π* absorption 
in the ultraviolet range.105 Such photochromic properties have been utilized as light 
sensor in electronic switches,106 molecular machines,107 artificial muscles,108 liquid 
crystal polymer,109 holographic recording devices,110 surface-modified materials,111 
and non-linear optical devices.112 However, the main limitation for azobenzene dyes 
is their intrinsically poor thermal stability which restricts their applications at elevated 
temperatures.113,114 Thus, improving their thermal stability for practical applications is 
still a challenge for material scientists. Two main approaches have been explored to 
enhance the thermal stability of azobenzene derivatives. One approach is to 
incorporate the dye molecules into a polymer backbone.115 This approach will, 
however, result in remarkable change in the photophysical properties of the dye. 
Hybridization of the organic materials with inorganic nanomaterials has also been 
shown to be a possible approach to enhance the thermal performance of polymers as 
well as small organic molecules.116-118  
As discussed in Chapter 1, polyhedral oligomeric silsesquioxanes (POSS) 
have been proven to enhance the mechanical and thermal performance of organic 
materials.119 In this Chapter, a new approach (Figure 2.1) to enhance the thermal 
stability of azobenzene without affecting its photophysical properties was developed. 
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To study the role of POSS, I haven’t linked more azobenzene groups to exclude π-π 
stacking and other effects. 
 
Figure 2.1 Schematic showing the synthesis of POSS-AB hybrid and Hex-AB for comparison. 
R substituent on POSS = cyclohexyl group. 
 
Through coupling with POSS, the obtained POSS-azobenzene hybrid 
(denoted as POSS-AB hereafter) exhibited significant enhancement of thermal 
stability, with ~180 oC increase in Td (decomposition temperature). Application of 
polystyrene/POSS-AB thin film as photo-switching polymer nanocomposites was 
demonstrated. Furthermore, interesting liquid crystal behavior and self-assembly of 
POSS-AB was also observed. For comparison, a hexyl group-substituted azobenzene 
was prepared, denoted as Hex-AB, using similar steps as depicted in Figure 2.1. 
2.2 Experimental  
2.2.1 Materials  
3-bromopropyl trichlorosilane (96%) and D-Chloroform (99.8%) was purchased from 
Aldrich. 4-Phenylazobenzene (98%) was from Alfa Aesar. Potassium carbonate and 
18-crown-6 (99%) were from Acros Organies. Dichloromethane (HPLC) and n-



















































































































Plastic. Tetrahydrofuran (HPLC), methanol and silica gel (400 mesh) were from 
Merck. All chemicals were dried before use. 
2.2.2 Characterization   
Elemental analysis (EA) of C, H and N were measured by a Flash EA 1112 series 
instrument with CHOS analyzer. Fourier-transform Infrared (FTIR) spectra were 
determined using a Perkin Elmer 2000 FT-IR spectrometer. The spectra were 
recorded with 32 scans, and signal averaged with a resolution of 1 cm-1. NMR spectra 
were obtained on Bruker DRX 400MHz spectrometer in deuterated chloroform 
(CDCl3). UV-vis spectra were recorded by Shimadzu UV-3100PC UV-VIS-NIR 
spectrometer. The molecular weight and distribution were measured by gel 
permeation chromatography (GPC). GPC data was recorded with a Waters 2690 
separation module and LC-8A system equipped with two Phenogel 5μ 50- and 1000-
Å columns in series and Waters 410 differential refractive index detector. The system 
was calibrated with mono-dispersed PMMA standards and tetra-hydrofuran (THF) 
was used as the eluent at a flow rate of 1.0 mL/min. Differential light scattering (DLS) 
study was performed using a Brookhaven BI-APD light scattering instrument. The 
light source was a 75-mW He-Ne laser emitting vertically polarized light of 632.8 nm 
wavelength. Scanning electron microscopy (SEM) images were recorded on a JEOL 
FESEM JSM6700F. Transmission electron spectra (TEM) images were recorded with 
JEOL 2100 TEM. Thermal gravimetric analysis (TGA) was carried out using a TGA 
7/DX Perkin Elmer Instrument. Samples were heated up to 800 oC with a heating rate 
of 10 oC/min in nitrogen. Differential scanning calorimeter (DSC) was measured with 
a Photo differential scanning calorimeter Q 500 with a heating rate of 10 oC/min in 
nitrogen flow. Polarized optical microscopy was taken with a Nikon microscope. 
2.2.3 Synthetic procedures  
Synthesis of POSS-Br Intermediate 
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A mixture of trisilanocyclohexyl-POSS (6.14 g, 6.32 mmol), triethylamine (5.0 ml, 
35.8 mmol) and dry THF (100 ml) was immersed in an ice bath. 3-Bromopropyl-
trichlorosilane (1.028 ml, 13.2 mmol) was added over ten minutes duration under an 
argon atmosphere. The mixture was stirred overnight and then filtered to remove the 
NEt3.HCl precipitate. After that, volatile compounds were removed by rotary 
evaporation. Methanol was added to precipitate POSS-Br, which was separated by 
filtration and dried under vacuum (5.5 g 77%). 1H NMR (400 MHz, CDCl3, δ ppm): 
3.43 (t, 2H CH2Br), 1.9-2.0 (m, 2H, CH2CH2Br), 1.72 (b, 28H, CH(CH2)2), 1.22 (b, 
44H, CH2CH2CH2), 0.75(m, 7H, CH(CH2)2); 
13C NMR (100MHz, CDCl3, δ ppm): 
36.8, 31.3, 27.9, 27.3, 24.0, 23.5, 11.5 ppm. IR (KBr): ṽ=1108 (Si-O-Si), 2849 (Si-O-
Si), 2922 (Si-O-Si) cm-1; Elemental analysis calculated (%) for C45H83BrO12Si8: C 
48.26, H 7.52; found: C 48.07, H 7.41%. 
Synthesis of POSS-AB   
4-Hydroxyazobenzene (614.5 mg, 3.1 mmol) and POSS-Br prepared above (3.36 g, 3 
mmol) were dissolved in freshly distilled THF (100 ml). K2CO3 (1.6 g) and 18-
crown-6 (2 drops) were added. The mixture was stirred overnight under argon 
atmosphere at 80 oC. After cooling down to room temperature, distilled water was 
added to dissolve K2CO3 and 18-crown-6. Then, ethyl ether was added to extract the 
organic phase, and the water phase was extracted 3 times. The combined extraction 
was rotary evaporated under vacuum and the residue was dissolve in THF again. 
After that, methanol was added to re-precipitate POSS-AB. The crude product was 
purified by silica gel column chromatography (1:6 dichloromethane-hexane). Yield: 
2.8 g (75.7%). 1H NMR (400 MHz, CDCl3, δ ppm): 4.04 (t, 2H, ArOCH2), 7.00 (d, 
2H, Ar-H), 7.42–7.51 (t, 3H, Ar-H), 7.48-7.52(d, 2H, Ar-H), 7.88–7.92 (m, 2H, Ar-
H). 1.73 (b, 28H, CH(CH2)2), 1.22 (b, 44H, CH2CH2CH2), 0.75 (m, 7H, CH(CH2)2); 
13C NMR (100MHz, CDCl3, δ ppm): 162.0, 153.2, 147.3, 130.6, 129.4, 125.1, 122.9, 
115.1, 70.4, 27.9, 27.3, 27.2, 27.0, 23.5, 8.6 ppm; 29Si NMR (80MHz, CDCl3, δ ppm): 
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-60, -108 IR(KBr): ṽ=1112 (Si-O-Si) cm-1, 1295-1300cm-1(N=N), 1253 (Ph-O) cm-1. 
Elemental analysis calculated (%) for C57H92N2O13Si8: C55.34, H 7.44, N 2.27; found: 
C 55.55, H 7.35, N 2.26. GPC: Mn = 981, Mw = 1004. 
Synthesis of 4-hexyl-azobenzene (Hex-AB)  
4-Hexyl-azobenzene (Hex-AB) was synthesized by reacting 4-(hydroxyl) azobenzene 
(1.98 g, 10 mmol) with 1-bromohexane (1.404 ml, 0.01 mmol) in 100ml THF in the 
presence of excess anhydrous K2CO3 (3.5 g, 0.025 mol) and  catalytic amount of 18-
crown-6. The reaction mixture was stirred at 80 oC for 12 h. The purifying procedure 
is similar to that for POSS-AB. Yield: 1.8 g (63.7 %). 1H NMR (400 MHz, CDCl3, δ 
ppm): 0.89 (t, 3H, CH3), 1.3-1.4 (m, 4H, CH2CH2), 1.4-1.55 (m, 2H, CH2), 1.78-1.88 
(m, 2H, ArOCH2CH2), 4.05(t, 2H, ArOCH2), 7.02(d, 2H, Ar-H), 7.42-7.46(t, 3H, Ar-
H), 7.48-7.52(t, 2H, Ar-H), 7.86-7.89 (m, 2H, Ar-H). 13C NMR (100MHz, CDCl3, δ 
ppm): 162.1, 153.2, 147.3, 130.7, 129.4, 125.2, 122.9, 115.1, 68.8, 32.0, 29.6, 26.1, 
23.0, 14.4 ppm. FTIR: 2919, 2853 (C-H), 1604, 1587, 1504 (benzene ring), 1253 (Ph-
O) cm-1. Elemental analysis calculated (%) for C18H22N2: C 81.2, H 8.27, N 10.5; 
found C 79.72, H 8.07, N 9.93. 
2.3 Results and Discussion 
2.3.1. Preparation and characterization of POSS-AB hybrid 
Synthesis of mono-, di-, and multi-functionalized POSS has been developed as 
described in recent reviews.32,120 In this chapter, mono-functionalized POSS was 
selected rather than multi-functionalized POSS based on the following two reasons. 
Firstly, the possible intra-molecular dyes interaction resulted from the conjugation of 
multi-functionalized POSS with azobenzene can be eliminated; secondly, it is simpler 
to prepare well defined structure with high content of inorganic segment and to 
achieve high thermal stability using mono-functionalized POSS. To form the POSS-
AB hybrid, haloalkyl-functionalized POSS was used as the starting material, 
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following synthesis reported in the literature.121 Mono(chloropropyl)-substituted 
POSS, mono(bromopropyl)-substituted POSS, and mono(idopropyl)-substituted 
POSS have all been prepared from trisilanocyclohexyl-POSS and used in our trials, 
but only the bromo-substituted POSS gave good yields. The structure and purity of 
mono(bromopropyl)-substituted POSS (POSS-Br) was confirmed by 1H-NMR 
spectrum (Figure 2.2).  
 
Figure 2.2 Comparison of the 1H-NMR spectra of starting materials 4-hydroxyazobenzene (4-
HOAB), POSS-Br and the product POSS-AB. 
 
The preparation of POSS-AB was achieved through the coupling of POSS-Br 
with 4-hydroxyazobenzene (4-HOAB) in the presence of K2CO3 and catalytic amount 
of 18-crown-6 as the phase transfer agent. About 76% yield can be obtained after 
purification with silica gel chromatography. Gel permeation chromatography (GPC) 
analysis showed a single peak with molecular weight at 1011 g/mol, suggesting good 
purity of our product. 
As shown in Figure 2.2, the triplet at δ = 3.43 ppm that are assigned to CH2Br 
in the POSS-Br was seen clearly in the sample. This bromopropyl group was further 
confirmed by its 13C NMR spectrum (not shown). A new triplet appeared at δ = 4.05 







In the low field region (6.8-8.0 ppm), characteristic peaks of azobenzene appeared 
with slight downfield shift as compared with the pristine 4-HOAB. The successful 
preparation of POSS-AB hybrid was further confirmed by FTIR spectroscopy as 
shown in Figure 2.3. By comparison, the characteristic peaks of POSS and 
azobenzene were identified in the POSS-AB spectrum. 
 
Figure 2.3 FTIR spectra of 3-bromopropyl trichlorosilane, 4-HOAB, POSS, POSS-Br and 
POSS-AB. 
 
2.3.2 Cis-trans interconversion of POSS-AB hybrid 
The obtained POSS-AB and Hex-AB can be dissolved in most organic solvents such 
as chloroform, THF, hexane, and toluene. Here, chloroform was used as solvent for 
all the UV-vis measurement. Before the test, the sample solutions were kept in the 
dark at room temperature overnight to ensure all the azobenzene units were in the 
more stable trans- configuration. Figure 2.4a shows the temporal change in the UV-
vis spectrum of POSS-AB in CHCl3 solution (6.7 x 10
-6 M) under 365 nm UV 
irradiation. The UV-vis absorption spectrum of trans-POSS-AB shows a weak band at 
445nm (n-π* excitation S1) and a strong band at 350nm (π-π* excitation S2).106 The 
 
























first transition is forbidden while the second one is allowed, thus justify the difference 
in their intensity. 
 
Figure 2.4 Temporal changes in UV-vis absorption of (a) POSS-AB and (b) Hex-AB in 
chloroform solutions under the irradiation of UV at 365 nm. (c) Plots of ln[(A∞-At)/(A∞-A0)] 
versus time illustrating trans-to-cis transition of POSS-AB (circle) and Hex-AB (square) as a 
function of UV light irradiation time. (d) Plots of ln[(A∞-At)/(A∞-A0)] versus time illustrating 
cis-to-trans transition of POSS-AB (square) and Hex-AB (circle) as a function of thermal 
relaxation time after UV light irradiation. 
 
Upon UV irradiation, photoisomerization of POSS-AB from its trans- to cis- 
configuration led to attenuation and slight blue-shift of the 350 nm absorption, 
together with an increase in the peak intensity of the cis-form at 311nm and 440 nm. 
After 30 min of irradiation, spectral change was leveled off, indicating that the system 
has reached a photo-stationary state.  The trans- to cis- conversion were also 
confirmed by 1H-NMR spectra as shown in Figure 2.5.  
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Figure 2.5 1H-NMR spectra of POSS-AB before (a) and after (b) UV irradiation. 
 
Nearly 100% trans-form of POSS-AB was observed in Figure 2.5 after the 
sample has been stored in the dark. However, azobenezene peaks significantly shifted 
from 7.99 to 7.55 ppm upon irradiation at 365 nm for 30 min. At the photo-stationary 
state, it is estimated that around 87% of the cis-form was generated based on the 
integration value of the characteristic peaks from both UV and NMR spectral analysis. 
To examine the inter-conversion rate quantitatively, first-order rate constant 
is determined by fitting the experimental data to equation ln[(A∞-At)/(A∞-A0)] = -kt  
where At, A0, and A∞ are the absorbance at 350 nm at time t, time zero, and at infinity, 
respectively.105 The first-order kinetic plots for the trans-cis photoisomerization for 
POSS-AB and Hex-AB are shown in Figure 2.4c. The corresponding first-order rate 
constants kt-c (for trans to cis) were obtained. kt-c for POSS-AB is 0.1 min
-1 which is 
quite close to kt-c for Hex-AB at 0.11 min
-1. In our experiment, the photo-
isomerization process is not strictly linear. This may be due to solvent evaporation 
during measurement. 
Subsequent thermal conversion from cis- to trans- configuration was 






measurement of the thermal isomerization process as a function of time (Figure 2.4d) 
showed that the π-π* transition of POSS-AB shifts from 311 nm to its original 
position at 350 nm within 24 hours as first order transition. The rate constant for cis 
to trans isomerization (kc-t) was calculated similarly and was found to be 1.0 x 10
-3 
min-1 for POSS-AB. The process is accompanied by a simultaneous decrease of n-π* 
transition at 445 nm (not shown). This suggests that the isomerization of POSS-AB is 
fully reversible. This reversibility have been investigated as shown in Figure 2.6. 
Thus, the absorbance values of trans-isomer at 350 nm and cis-isomer at 315 nm 
exhibit clear reversibility with alternating UV irradiation at 365 nm and thermal 
relaxation in the dark.   
 
Figure 2.6 Ratio of absorbance measured at 350 nm and 315 nm of POSS-AB by alternating 
UV light irradiation (365nm) and thermal relaxation in chloroform at 25 oC. 
 
Similarly, thermal isomerization of the prepared sample Hex-AB was also 
studied by UV-vis spectroscopy as shown in Figure 2.4d. The kc-t constant is 
estimated to be 1.4 x 10-3 min-1 for Hex-AB, which is very similar to that for POSS-
AB obtained above (1.0 x 10-3 min-1).. It is thus interesting to note that, while 
azobenzene is substituted with a large inorganic cage in POSS-AB (Mw = 1028 
g/mol), the hybrid showed quite similar isomerization behavior to that in Hex-AB. 
This observation suggests that photoisomerization of azobenzene is not affected by 
steric effect. These characteristics allow us to design bulky and thermally stable 
azobenzene dye without obviously affecting its photoisomerization behavior. 
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To confirm our results and better understand the effect of substituent on the 
azobenzene isomerization process, density functional theory (DFT) calculation was 
carried out. The geometry of trans- and cis- isomers of both POSS-AB and Hex-AB 
were optimized in the DFT calculations as given in Figure 2.7, together with the 
respective optimized Hartree energy. DFT calculation suggests that the trans-cis 
isomerization in both Hex-AB and POSS-AB proceeds similarly through a linear 
transition state of an inversion mechanism. The calculated energy barrier of 
isomerization were found to be 15.1 kcal/mol (63.2 kJ/mol) and 13.6 kcal/mol (58.2 
kJ/mol), for POSS-AB and Hex-AB respectively. These energy barriers are close to 
each other, and consistent with our observation derived from UV-vis spectral 
measurement.  
 
Figure 2.7 DFT optimized ground state structures for the trans- and cis- isomers of Hex-AB 
and POSS-AB. 
 
2.3.3 Thermal stability study and application of POSS-AB as photoswitching 
nanocomposites 
While the above results show that Hex-AB and POSS-AB have similar photophysical 
properties, our investigation confirmed that the thermal stability of azobenzene is 
remarkably enhanced when it was coupled with the inorganic POSS cage structure. 
The thermal behavior of 4-HOAB, Hex-AB, and POSS-AB were studied by TGA as 
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shown in Figure 2.8. Hence, both 4-HOAB and Hex-AB started to decompose at 
around 170 oC and nearly 100% weight was lost at around 300 oC. On the other hand, 
POSS-AB hybrid only began to lose 1 wt% at around 350 oC, although azobenzene 
segment accounted for 16% by weight of the hybrid. This thus confirms that the 
hybrid is nearly 180 oC more stable than 4-HOAB and Hex-AB and our hypothesis 
that the azobenzene moiety can be thermally stabilized by attaching with the POSS 
moiety.  
 
Figure 2.8 TGA thermograms of 4-HOAB, Hex-AB and POSS-AB, measured at ramp rate of 
10oC/min in nitrogen flow. 
 
The remarkable enhancement in the thermal stability of azobenzene dye in 
POSS-AB would allow us to broaden its applications in devices at elevated 
temperatures with improved lifetime and reliability. This is important for industrial 
applications as POSS is good nanofiller used in preparing nanocomposites. The good 
dispersity, nano-sized scale and high stability make them a promising candidate to 
enhance the thermal and mechanical performance of target materials. On the other 
hand, we have confirmed that the optical performance of azobenzene is retained after 
coupling with POSS.  
Next, the widely used polystyrene (PS) was chosen as one segment and 
POSS-AB as the other segment to prepare some nanocomposite photoswitching films. 
We fabricated the PS/POSS-AB nanocomposites through solution blending and 
 
























casting. In brief, PS was dissolved in toluene and mixed with POSS-AB to make a 2 
wt% POSS-AB mixture. The obtained mixture was then poured into a Teflon dish to 
allow the solvent to evaporate at room temperature. After ageing in an oven at 80 oC 
for 12 hours, free standing yellow transparent polymer films were obtained (Figure 
2.9).  
 
Figure 2.9  Photographs of free standing polymer films produced from PS/POSS-AB and 
PS/4-HOAB nanocomposites. 
 
As expected, these composite films were found to have high thermal stability from 
the TGA measurement. Besides, PS/POSS-AB nanocomposites show similar 
photochromic behavior as the free POSS-AB in solution. Upon irradiation at 365 nm 
for 30 min, nearly 80% of the trans-POSS-AB was converted into the cis-form, and 
this can be converted back to the trans-form upon thermal isomerization in the dark 
for 24 hours.  
2.3.4. Liquid crystal and aggregation behaviours of POSS-AB hybrid 
It has been reported that POSS molecules incorporated into polymers can enhance the 
liquid crystal (LC) phase stability owing to the integrated properties of inorganic 
silsesquioxane materials and organic LC materials.122 The results from both Laine and 
Goodby groups showed that the POSS cage structure could improve LC stability and 
tend to form LC phase even if the cages were irregularly substituted.32,123 On the other 
hand, the rigid rod-like structure of azobenzene molecules allows them to behave as 
0.5% POSS-AB 1% POSS-AB 2% POSS-AB
0.5% 4-HOAB 1% 4-HOAB 2% 4-HOAB
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LC mesogens in many materials, through coupling with a flexible chain.106,124 
Interestingly, we found that the coupling of rigid azobenzene molecule with inorganic 
POSS cage gives a kind of LC materials with phase transition at higher temperatures. 
Figure 2.10 shows the polarized optical micrographs (POM) of POSS-AB at 
246.6 degrees. Hex-AB cannot form LC texture due to its short chain. On the other 
hand, although a rigid cage-like POSS was incorporated into POSS-AB, the material 
still exhibits LC texture closed to nematic phase at 246.6 oC. This observation is 
similar to other azobenzene copolymers with flexible chain spacers.106 However, due 
to the large and rigid volume restriction of POSS, the LC domains in POSS-AB were 
relatively lesser as compared with these flexible chain LC dyes.124 As a control 
experiment to confirm the LC phase, we attempted to observe the POM images of just 
the POSS molecules with the same cyclohexyl groups. Even after heating to 400 oC, 
we didn’t observe any melting or LC phase formation. Instead, the sample appeared 
yellow due to decomposed product.  
 
Figure 2.10 Polarized optical micrographs of POSS-AB (aged at 246.6 oC) at magnification (a) 
500× and (b) 1000×. 
 
The phase transition temperature of POSS-AB, Hex-AB and 4-HOAB were 
determined using differential scanning calorimetry (DSC). On heating to the isotropic 
liquid, a melting peak appeared at 274 oC for POSS-AB (Figure 2.11). On cooling 
from the isotropic liquid, the glass transition is clearly observed at around 250 oC. 
The heat flow is 0.5571 W/g for glass transition and 1.08 W/g for melting in POSS-
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AB. This melting heat flow is around 13 % of that for 4-HOAB (8.29 W/g), fitting 
well with a loading ratio of 16 wt% of AB in POSS-AB. The melting heat flow for 
Hex-AB is 8.008W/g. From here we can see that the heat flow of Hex-AB is quite 
close to that of 4-HOAB. On the other hand, while POSS-AB exhibits a glass 
transition temperature, compounds 4-HOAB and Hex-AB do not. Their DSC profiles 
are similar except that Hex-AB gave a lower melting temperature at around 55oC. 
Thus, the rigid POSS units have physically restricted the motion of azobenzene 
segments, while interaction between the hexyl chains on POSS probably also plays a 
vital role in enhancing the thermal stability of LC. 
 
Figure 2.11 DSC thermograms for POSS-AB, Hex-AB and 4-HOAB. Both heating and 
cooling rate are 10 oC/min. 
 
  POSS-induced self-assembly has been reported in systems such as 
polybutadiene-POSS,125 2DEGNH-DDSQ with a urethane end group,126 PS-b-
PMAPOSS through solvent annealing127 or formation of micelle of different 
morphology.128 Meanwhile, azobenzene induced self-assembly was also widely 
studied by making use of the photo-controllable trans-cis isomerisation.129,130 In our 
studies, we found that POSS-AB can self-assemble into nanocubic structures due to 
the presence of hydrophobic cyclohexyl groups at POSS end and the polar 
azobenzene ends. When a concentrated solution of POSS-AB in chloroform or THF 
was added to methanol, precipitation occurred immediately. SEM and TEM images 
 























of the POSS-AB precipitates collected show the formation of cubic nanostructures 
with sizes between 100 to 500 nm. (Figure 2.12). 
 
Figure 2.12 SEM (a) and TEM (b) images of aggregates prepared by the addition of 0.8 ml 
methanol to 1ml 2.02x10-3 M POSS-AB in chloroform at room temperature. 
 
The formed POSS-AB cubes are stable under the irradiation of high voltage electron 
beam. This self- assembly may be due to the presence of hydrophobic cyclohexyl 
groups at POSS end and the polar azobenzene ends. Although POSS-Br also can form 
nanocubes under similar condition, a wide size range is observed from SEM and 
TEM. Hex-AB also produced some forms of aggregates，the irregular aggregates of 
Hex-AB decomposed or disappeared immediately under the observation with high 
voltage electronic beam. This result again confirms that the coupling of POSS to 
azobenzene has greatly enhanced the thermal stability of the dye. 
2.4. Summary 
A new approach to enhance the thermal stability of organic dyes was developed. In 
this chapter, coupling POSS to azobenzene was shown, the obtained POSS-AB 
hybrid shows about 177 oC increase in its decomposition temperature (Td) compared 
to the parent dye molecule. This hybrid was found to exhibit unique liquid crystalline 
and self-assembly behaviors. Most importantly, the attachment of POSS does not 
affect the photophysical properties of azobenzene, thus broadens its applications to 
high temperature organic devices. In this chapter, the application of POSS-AB as 








Chapter 3. Pure Blue-light Emissive Poly(oligofluorenes) 
with Bi-functional POSS in the Main Chain 
3.1 Background on Electroluminescent Materials 
Electroluminescent organic materials have attracted much interest from both aspects 
of fundamental materials science and practical applications in organic light-emitting 
diode (OLED).131-133 A variety of OLED products have now been commercialized 
based on the impressive past and on-going research work. Among the different 
classes of light-emitting materials, electroluminescent conjugated polymers are 
widely adopted due to their solution processable properties.134,135 One of the main 
disadvantages of conjugated polymers is their reduced luminescent efficiency in the 
solid state. This is mainly due to strong interaction between the conjugated - 
chromophores, which leads to molecular aggregation and quenching of the excited 
state.136,137 Also, the intrinsically wide distribution of molecular weight of polymers 
limits their applications as light-emitting materials with high color purity.138 
Moreover, to prepare high-quality polymer film using spin-coating or inkjet printing, 
light-emitting conjugated polymers are often grafted with long alkyl side chain for 
better solubility in organic solvents to ensure easy film formation.139,140 The long 
alkyl side chains greatly reduce the glass transition temperature (Tg) of the polymers 
and thus lower the application temperatures of the resulting devices, limiting their 
applications under elevated temperature conditions.139,141  
On the other hand, light-emitting small organic molecules such as conjugated 
oligomers and metal complex organic molecules possess the advantages of high 
chemical purity, structural uniformity, and well-defined optical properties.142 These 
molecules may be used as building blocks to form nanocomposites, thus giving 
hybrid materials of enhanced thermal and mechanical performance.143 Therefore, 
incorporation of light-emitting conjugated oligomers and inorganic building blocks 
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into a polymeric backbone may pave the way for next-generation devices to meet the 
demands of future technologies.  
Interesting attempts have been made by incorporation of POSS into organic light 
emitting materials to improve the performance of OLEDs.26,144,145 Currently, there are 
two main modes of coupling POSS with the organic light emitting materials. The 
most reported attempt is the grafting of mono-functionalized POSS moieties onto the 
conjugated polymers as pendant groups.26,146 It has been shown that the bulky POSS 
units can prevent aggregation of the conjugated polymer backbone. In this approach, 
however, the optical properties remain controlled by the conjugated polymer 
backbone and its molecular weight distribution. An alternative strategy is to 
incorporate POSS as a core moiety to isolate light emitting organic molecules by 
connecting and aligning them in a star-like dendrite shape.26 This yields structurally 
defined materials with high color purity, but one obvious drawback is the difficulty to 
achieve complete substitution of all 8 functional groups on POSS by the emissive 
organic molecules due to steric hindrance. Also, a POSS-cored dendrite with higher 
density of emissive organic units was found to give lower quantum efficiency due to 
luminescence quenching from solid state intramolecular aggregation.  
In this chapter, a new series of electroluminescent hybrid materials consisting of 
periodically aligned POSS and luminescent organic moieties along the polymer 
backbone, forming a pearl necklace-like composites structure was reported as 
depicted in Figure 3.1. We hypothesized that the incorporation of POSS into such 
polymer backbone will create an easy to process hybrid polymers with good thermal 
stability and maintaining the high color purity of the luminescent segments. This will 
thus avoid the problems in the tethering of pedant POSS to a polymer or in the POSS-
cored dendrites. In our necklace-like structure, oligofluorenes were selected as the 
emitting materials due to their high photoluminescence quantum yield and ease of 
color tuning through structural modification. The coupling of POSS and 
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oligofluorenes was achieved via hydrosilylation polycondensation reaction. As 
expected, the resulting hybrid polymers exhibited higher thermal stability and Tg than 
the corresponding polyfluorenes. Most importantly, the optical properties of the 
resulting hybrid are dominated by the well-defined oligofluorene segments, and 
devices made from these hybrid polymers showed better electroluminescent purities 
than polyfluorenes, suggesting their potential applications in developing high 
temperature OLED devices. 
 
Figure 3.1 Schematic illustration of the pearl necklace-like hybrid polymer structure 
containing repeating POSS and oligofluorenes units in the polymer backbone. For 
convenience, R was used to represent octyl chain of the oligofluorenes. 
 
3.2 Experimental 
3.2.1 Materials  
All chemicals were purchased either from Sigma-Aldrich or Alfa-Aesar and used as 
received without further purification. All organic solvents were AR grade and 
purchased from TEDIA, Merck or J. T. Baker. Toluene was dried over calcium 
hydride under nitrogen gas (N2) before use. Tetrahydrofuran (THF) was distilled over 
sodium/benzophenone prior to use.  
3.2.2 Characterization  
Infrared (IR) spectra were measured using a Perkin Elmer 2000 FT-IR spectrometer. 
The spectra were recorded with 32 scans, and signal averaged with a resolution of 1 
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cm-1. NMR spectra were obtained on Bruker DRX 400MHz spectrometer in 
deuterated chloroform (CDCl3). UV-vis spectra were recorded with Shimadzu UV-
3100PC UV-VIS-NIR spectrometer. Photoluminescence (PL) spectra were obtained 
using Shimadzu RF-5301PC. The molecular weight and distribution of the polymers 
were measured by gel permeation chromatography (GPC). GPC data was recorded 
with a Waters 2690 separation module and LC-8A system equipped with two 
Phenogel 5μ 50- and 1000-Å columns in series and Waters 410 differential  refractive 
index detector. The system was calibrated with mono-dispersed polystyrene (PS) 
standards and THF was used as the eluent at a flow rate of 1.0 mL/min. Thermal 
gravimetric analysis (TGA) was carried out using a TGA 7/DX Perkin Elmer 
Instrument. Samples were heated up to 800 oC with a heating rate of 10 oC/min in 
nitrogen. Differential scanning calorimeter (DSC) was measured with a Photo 
differential scanning calorimeter Q 100 with a heating rate of 10 oC/min, cooling rate 
30 oC/min and second heating rate of 20 oC/min in nitrogen flow. Atmospheric 
pressure chemical ionization mass spectra (APCI-MS) were obtained using a 
Micromass 7304E mass spectrometer. Electrochemical cyclic voltammetry (CV) was 
recorded on AutoLab instrument with the polymer coated ITO, platinum, and 
Ag/AgCl as the respective working, counter, and reference electrode. Acetonitrile 
was used as the solvent, ferrocene the internal standard, and tetrabutylammonium 
hexafluorophosphate the electrolyte (scan rate 100 mV/s). PL spectra were measured 
with the excitation of a pulsed laser diode operating at 405nm. The PL was dispersed 
by a monochromator (Acton, SpectroPro 2300i) and detected with a liquid-nitrogen-
cooled charge-coupled device (CCD) detector. The time-resolved PL spectrum was 
measured using a time-correlated single-photon counting (TCSPC) system 
(PicoHarp300, PicoQuant), with the same excitation laser as PL measurement. 
46 
 
3.2.3 Synthesis procedures 
The desired pearl necklace-like hybrid polymers P1, P2 and P3 were obtained by 
condensing B-POSS with monomer 4, dimer 5 and trimer 6 respectively (Figure 3.2). 
Starting materials used to synthesize compound 1-3 were 2,7-Bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene, 2-bromo-9,9-dioctylfluorene, 2-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)-9,9-dioctylfluorene, 2,2'-bi(9,9-di-n-
octylfluorene), 2,2',2”-tri(9,9-di-n-octylfluorene). These were obtained according to 
procedures reported in the literature. 147,148 
 
Figure 3.2 Synthesis and the structure of monomers and hybrid polymers. (a) Br2/I2, 
CH2Cl2, rt. 12h, 50%-80%. (b) (PPh3)2PdCl2, CuI, (iPr)2NH, 70℃,8h, 70-80%. (c) 
KOH/H2O, THF/CH3OH, rt, 6h, 95%. (d) NaOH/H2O, 90%. (e) CH3SiHCl2, THF, rt, 
24h, 40%. (f) Pt(dvs), Toluene, 105 ℃, 48h, 95%. 
 
(a) Synthesis of 2,7-Dibromo-9,9-dioctylfluorene (1), 2,7-dibromo-9,9,9’,9’-
tetraoctyl-7,2’:7’,2”-bifluorene (2) and 2,7-dibromo-9,9,9’,9’,9”,9”-hexaoctyl-
7,2’:7’,2”-terfluorene (3) 
Since procedures are the same, we give details of compound 2 as example here. 
2,2'-Bi(9,9-di-n-octylfluorene),  (1.80 g, 2.32 mmol) was dissolved in 
dichloromethane (10 mL) and catalytic amount of I2 (12.6 mg, 0.078 mmol) 
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was added. The mixture was then cool down in an ice-water bath to 0 oC. After 
that, Br2 (0.90 g, 5.66 mmol) dissolved in 10 ml dichloromethane was added 
dropwise. The reaction was stirred at room temperature in the dark for 48 h. A 
diluted sodium carbonate aqueous solution (30 wt%, 100 ml) was added to 
quench the reaction. The organic layer was separated and washed with water 
and dried over magnesium sulfate. The solvent was removed and the product 
was purified by passing through SiO2 column, using hexane as the eluent to 
afford 1.73 g (80%) white solid. 1H NMR (400 MHz, CDCl3, δ ppm): 7.75-7.73 
(d, 2H), 7.56-7.63 (m, 6H), 7.48-7.46 (m, 4H), 2.08-1.97 (m, 8H), 1.26-1.07 
(m, 24H), 0.82-0.79 (t, 12H), 0.72 (b, 8H). 13C NMR (100 MHz, CDCl3, δ 
ppm): 153.6, 151.6, 141.2, 140.2, 139.8, 132.3, 130.4, 129.2, 126.7, 121.8, 
121.5, 120.4, 55.9, 40.7, 32.1, 30.3, 29.6, 24.1, 23.0, 14.4. C58H80Br2, MS 
(APCI):  m/z found: 934.4643, calculated: 934.4627. 
 2,7-Dibromo-9,9-dioctylfluorene (1),  95% yield as white solid. 1H NMR (400 
MHz, CDCl3, δ ppm): 7.52-7.50 (d, 2H), 7.46-7.45 (d, 2H), 7.44 (s, 2H), 1.92-
1.82 (m, 4H), 1.28-1.04 (m, 20H), 0.88-0.85 (t, 6H), 0.577 (b, 4H).  
2,7-dibromo-9,9,9’,9’,9”,9”-hexaoctyl-7,2’:7’,2”-terfluorene (3), 50% yield as 
white solid. 1H NMR (400 MHz, CDCl3, δ ppm): 7.81-7.8 (d, 2H), 7.75-7.74 
(d, 2H), 7.66-7.6 (m, 10H), 7.48-7.47 (m, 4H), 2.09-2.02 (m, 12H), 1.26-1.11 
(m, 36H), 0.83-0.77 (m, 18H), 0.70 (b, 12H). 13C NMR (100 MHz, CDCl3, δ 
ppm): 153.6, 152.2, 151.5, 141.4, 140.7, 140.5, 140.2, 139.6, 130.4, 126.6, 
121.9, 121.8, 121.4, 121.3, 120.4, 55.6, 40.8, 32.2, 30.4, 29.6, 24.3, 22.9, 14.4. 
C87H121Br2, MS (APCI):  m/z found: 1323.7864. calculated: 1323.7830. 
(b) Synthesis of 9,9′ -Bis(6-octyl)-2,7-diethynylfluorene (4), 9,9,9’ ,9’ -




Details of compound 4 was given as example due to the same procedure. 
Before preparing compound 4, 9,9’-Bis(6-octyl)-2,7-[bis(2-
trimethysilyl)ethynyl)]fluorene was synthesized as the precursor. A solution of 
trimethylsilyl acetylene (1.08 g, 11.0 mmol) in diisopropylamine (20.0 mL) 
was slowly added to a solution of compound 1 (3.25 g, 5.0 mmol), 
(Ph3P)2PdCl2 (0.175 g, 0.25 mmol), and CuI (0.047 g, 0.25 mmol) in 
diisopropylamine (50.0 mL) under argon at room temperature. The reaction 
mixture was then stirred at 70 °C for 8 h. The solvent was removed under 
reduced pressure, and the residue was chromatographed on silica gel using 
hexane as eluent to give precursor of 4 (2.5 g, 75%) as white crystals. 1H NMR 
(400 MHz, CDCl3, δ ppm): 7.60-7.57 (d, 2H), 7.45-7.43 (d, 2H), 7.41 (s, 2H), 
1.94-1.91 (m, 4H), 1.22-1.00 (m, 8H), 0.62-0.6 (m, 4H), 0.25 (s, 18H). 13C 
NMR (100 MHz, CDCl3, δ ppm): 150.53, 140.79, 131.34, 126.10, 121.88, 
119.89, 94.46, 55.6, 40.6, 32.1, 30.3, 29.5, 24.0, 22.9, 14.4. 0.02.  
9,9′-Bis(6-octyl)-2,7-diethynylfluorene (4). KOH aqueous solution (6.0 mL, 
20.0%) was diluted with methanol (25.0 mL) and added to a stirred solution of 
the precursor prepared above (3.42 g, 5.0 mmol) in THF (50.0 mL). The 
mixture was stirred at room temperature for 1 h and extracted with hexane. The 
organic fraction was washed with water and dried over sodium sulfate. The 
crude product was chromatographed on silica gel using hexane as the eluent to 
give compound 4 (2.7 g, 90%) as white crystals. 1H NMR (400 MHz, CDCl3, δ 
ppm): 7.64-7.62 (d, 2H), 7.49-7.47 (d, 2H), 7.45 (s, 2H), 3.15 (t, 2H), 1.95-1.91 
(m, 4H), 1.30-1.03 (m, 20H), 0.87-0.85 (t, 6H), 0.60-0.50 (b, 4H). 13C NMR 
(100 MHz, CDCl3, δ ppm): 151.5, 141.4, 131.6, 126.9, 121.3, 120.3, 84.9, 55.6, 
40.6, 32.1, 30.3, 29.5, 24.0, 22.9, 14.4.  C33H42, MS (APCI):  m/z found: 
438.3299, calculated: 438.3281. 
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9,9,9’,9’-tetraoctyl-2,7-diethyny-bilfluorene (5) was obtained as colorless 
viscous liquid, yield 97%. 1H NMR (400 MHz, CDCl3, δ ppm): 7.78-7.75 (d, 
2H), 7.67-7.63 (m, 4H), 7.59 (s, 2H), 7.51-7.49 (d, 4H), 3.15 (s, 2H), 2.03-1.99 
(m, 8H), 1.21-1.07 (m, 24H), 0.83-0.79 (t, 12H), 0.69 (b, 8H). 13C NMR (100 
MHz, CDCl3, δ ppm): 152.3, 151.47, 141.9, 141.4, 140.1, 131.7, 127.0, 126.7, 
129.6, 121.8, 120.9, 120.8, 120.0, 85.2, 55.7, 40.7, 32.2, 30.4, 29.6, 24.2, 23.0, 
14.5. C62H83, MS (APCI):  m/z found: 827.6528, calculated: 827.6489. 
9,9,9’,9’,9”,9”-hexaoctyl -2,7-diethyny-bilfluorene (6) was obtained as 
colorless viscous liquid, yield 95%. 1H NMR (400 MHz, CDCl3, δ ppm): 7.82-
7.8 (d, 2H), 7.78-7.76 (d, 2H), 7.69-7.61 (m, 10H), 7.52-7.50 (m, 4H), 3.16 (s, 
2H), 2.11-1.99 (m, 12H), 1.26-1.08 (m, 36H), 0.83-0.77 (m, 18H), 0.69 (b, 
12H). 13C NMR (100 MHz, CDCl3, δ ppm): 152.2, 151.4, 142.0, 141.5, 140.7, 
140.5, 139.8, 131.6, 126.9, 126.6, 121.9, 121.8, 120.6, 120.5, 120.3, 119.9, 
85.1, 55.6, 40.6, 32.1, 30.3, 30.0, 29.5, 24.3, 24.2, 22.9, 14.4. C91H123, MS 
(APCI):  m/z found: 1215.9633, calculated: 1215.9619. 
(c) Synthesis of B-POSS.149 
To a mixture of sodium hydroxide (160 mmol, 6.4 g), water (278 mmol, 5.0 g) 
and 2-propyl alcohol (240 mL), phenyltrimethoxysilane (242 mmol, 48.0 g) 
was added under nitrogen atmosphere. The mixture was stirred for 4 h with 
refluxing, and then left at room temperature overnight. The precipitate was 
filtered and washed with 2-propyl alcohol followed by drying in vacuum at 70 
oC for 5 h. A mixture of this precipate (11.6 g), triethylamine (30 mmol, 3.0 g) 
and THF (100 mL) were added to a 250 mL flask and put into an ice-water 
bath. After cooling down, methyldichlorosilane (30 mmol, 3.4 g) was added 
dropwise. The mixture was then stirred at room temperature for 12 h. After 
removing the precipitate by centrifuge, the filtrate was evaporated to give white 
solid. The solid was washed with methanol to give B-POSS. (7.1 g, yield 20 
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%).1H NMR (400 MHz, CDCl3, δ ppm): 7.55-7.16(m, 40H). 4.97 (q, 2H), 0.36 
(d, 6H), 13C NMR (100 MHz, CDCl3, δ ppm): 134.47, 134.34, 131.24, 132.02, 
131.18, 131.12, 130.88, 130.81, 128.23, 128.05, 1.03, 29Si-NMR (80 MHz, 
CDCl3, δ ppm): 79.3, 79.1, 77.8, 32.8. 
(d) Synthesis of P1, P2, P3 and PF.149,150 
A typical procedure is given as follows. To a 20 mL Schlenk flask were added 
B-POSS (1.154 g, 1 mmol), any one of 4, 5, or 6 (1 mmol), and toluene (10 
mL) under Argon. Pt(dvs) (20 μL, 0.2 mol%) was added, and the mixture was 
stirred at 100 oC for 48 h. After re-precipitation from toluene into methanol, the 
precipitate was collected and dried in vacuum to give light yellow solid P1, P2 
and P3 (yield 90 %). To remove the catalyst and obtain a narrow distribution, 
all the polymers were run through silica gel with hexane and ethyl acetate as 
the eluent. For comparison, polyfluorene (PF) was prepared by Suzuki 
coupling22, 23 and purified as described for the hybrid polymers.  
P1 1H NMR (400 MHz, CDCl3, δ ppm): 7.67-6.99 (m, 46H), 6.46-5.92 (m, 
4H), 1.86-0.45 (m, 34H), 0.37 (m, 6H).  
P2 1H NMR (400 MHz, CDCl3, δ ppm): 7.73-6.99 (m, 52H), 6.46-5.08 (m, 
8H), 1.99-0.47 (m, 68H).  
P3 1H NMR (400 MHz, CDCl3, δ ppm): 7.80-7.11 (m, 58H), 2.08-0.49 (m, 
102H).  
PF 1H NMR (400 MHz, CDCl3, δ ppm): 7.85-7.83 (m, 2H), 7.71-7.67 (m, 4H), 
2.11(b, 4H), 1.14 (b, 24H), 0.83-0.81 (m, 6H). 
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3.3 Results and Discussion 
3.3.1 Characterization of the necklace-like hybrid polymer  
In the present work, double-decker-shaped silsesquioxane (DDSQ) was chosn 
as the bifunctional POSS because pure DDSQ can be prepared in large scale 
with a relatively simple procedure. Through minor modification of the reported 
procedure, pure DDSQ with two reactive hydrosilane groups was prepared by 
hydrolysis of phenyltrimethoxysilane in NaOH solution, followed by 
condensation with methyldichlorosilane.151 The formation of bifunctional B-
POSS (see compound labels in Figure 3.2) was confirmed by matrix-assisted laser 
desorption/ionization-time of flight (MALDI-TOF), which found the molecular mass 
peak at 1151.5 (m/z), together with a peak at 1175.45 m/z  ascribed to [B-POSS-Na]+ 
(Figure 3.3).  
 
Figure 3.3  MALDI-TOF of B-POSS with 2,5-dihydroxybenzoic acid as matrix. 
 
The compound was also confirmed by elemental analysis (EA). The 
measured EA showed C% of 52.38 and H% of 4.17, which is in consistent with 
expected values of C% = 52.10 and H% = 4.16. In the 1H-NMR spectrum of B-POSS 





0.36 (ppm), corresponding to the trans- and cis-isomers of Si-H bond and Si-Me on 
the opposing side of B-POSS.  
 
Figure 3.4 1H-NMR of B-POSS. 
 
Syntheses of oligo(fluorene)s involve the Pd-catalyzed Suzuki cross coupling 
reaction of mono and double substituted fluorene-boroester with 2-bromo-9,9-bis-
octyl fluorene to form fluorene dimer and trimer. For the subsequent coupling with B-
POSS, the obtained oligofluorenes were further functionalized by Sonogashira 
coupling to form ethyne substituted oligomers as compound 4, 5 and 6. 
Polymerization of B-POSS with oligofluorenes 4, 5 and 6 was achieved by 
hydrosilylation condensation reaction. Three copolymers of POSS and oligofluorenes 
(POSS-OFls) were prepared through the coupling of B-POSS with the fluorene 
monomer, dimer and trimer, respectively labeled as P1, P2, and P3. For comparison, 
neat poly(fluorene) was also prepared and labeled as PF in this chapter. Successful 
polymerization was confirmed by the disappearance of the Si-H signal of B-POSS at 
chemical shift of 4.97 ppm and the appearance of ethylene signals at 6-6.5 ppm in 1H-
NMR spectra. FTIR was also used to monitor the disappearance of ethyne group at 




Figure 3.5 FTIR of compound 4, 5, 6 and P1, P2, P3, PF. 
 
Table 3.1 Physical properties of the prepared hybrid polymers 
Polymers Mna Mwa PDIb DPc 
P1 9755 24900 2.55 15.6 
P2 18731 27100 1.45 13.7 
P3 39323 52700 1.34 22.3 
PF 13778 25300 1.84 33.3 
 aAnalytical GPC was obtained in tetrahydrofuran (THF) using polystyrene as standard. 
bPDI was calculated by Mw/Mn. cDegree of polymerization (DP) was calculated by 
Mw(polymer)/Mw(monomer). 
 
The molecular weights of these polymers against the polystyrene (PS) 
standard were estimated by GPC and the results were summarized in Table 3.1. It 
appears that there is an increase in molecular weight for the longer oligofluorenes, 
probably due to lesser steric hindrance. All the obtained hybrid copolymers P1-P3 
were found to be readily soluble in common organic solvents such as THF, 
chloroform, toluene, ethyl acetate, and xylene.  
 






























3.3.2 Thermal properties 
The thermal properties of the hybrid polymers were investigated using TGA 
under nitrogen atmosphere. Compared with PF, enhanced thermal stability was 
apparent for these hybrid polymers. As shown in Figure 3.6, the decomposition 
temperatures (Td) of the hybrid polymers P1, P2, P3 and PF is 446, 430, 423 
and 417 respectively. The stability is enhanced by 29, 13, and 6 C for P3 to P1 
relative to PF, even though the molecular weight is in a reverse order: Mn(P3) 
> Mn(P2) > Mn(PF) > Mn(P1). The TGA results clearly showed that the 
thermal stability of these hybrid polymers was affected by the weight ratio of 
B-POSS in the polymer backbone, i.e., the higher content of B-POSS, the 
higher is Td. It has been suggested that enhanced thermal stability may be due 
to lower thermal conductivity as the POSS units work as thermal barrier to 
isolate heat.151,152  
 
Figure 3.6 (a) TGA and (b) DSC curves measured at a heating rate of 10 oC/min in N2 
atmosphere. 
 
 Besides thermal stability, POSS is also known to enhance the glass 
transition temperature (Tg) of polymers.
153 Tg is one of the most important 
properties for polymers and often considered as the maximum sustainable 
operating temperature for a polymer system, especially in structural 
application.154 Since the OLED device performance often depends on the 
microstructures of the light-emitting materials, the device must be performed 
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below Tg in order to maintain the microsctructures of the active layers. Thus, an 
increase in Tg will broaden the applications temperature range of the devices. 
DSC analysis of the B-POSS-containing hybrid polymers (Figure 3.6b) showed 
remarkable enhancement of Tg compared to the reference PF polymer. While 
neat PF showed a Tg at 55 C, Tg for P1, P2, and P3 are respectively 125, 102, 
and 101 C. The glass transition is obviously affected by the rigidity of POSS 
moiety, which may have retarded the mobility of the oligofluorene chains. 
3.3.3 Photophysical properties 
To study the effect of POSS on the solid state packing and optical stability of 
the polymers, UV-vis absorption and PL spectra of all the polymers in solution 
and film form are shown in Figure 3.7.  
 
Figure 3.7 UV/Vis absorption (left) and fluorescence spectra (right) of (a) P1, (b) P2, (c) 
P3 and (d) PF in chloroform (dashed line) and drop-cast film (solid line). Excitation 
wavelength for PL is 340 nm. 
 
Normally, conjugated polymers exhibit significant changes in their solid state 
spectra due to interchain interaction.155 For example, polymer stacking in PF 
has given rise to an emission tail humped from 459 to 539 nm in the solid state. 
In our POSS-OFls systems, nevertheless, no obvious peak shift was observed 
between the solid and solution state spectra. In fact, the absorption spectra of 
polymers film are slightly blue-shifted in comparison with the polymers 
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dissolved in chloroform. This phenomenon was attributed to the aggregation-
induced disorder. That is, the densely packed polymers chains in solid state 
causes a decrease in the conjugated length of the polymer backbone due to 
bending, torsion and kinking to polymers solution.156 
As listed in Table 3.2, there are some 4-13 nm red shifts in the PL maximum 
when the hybrids changed from solution to the film state. These slight shifts are 
probably due to restriction in conformational motion, rather than polymer 
stacking. As expected, when the conjugation length increases from monomer to 
trimer, the maxima of absorption and emission gradually red-shift from P1 to 
P3. 
By using quinoline sulfate as the emission standard, quantum yield (QY) of 
the prepared polymers was determined in solution. PF was found to exhibit QY 
of 79% while all the hybrid polymers gave QYs higher than 95%. The high QY 
of hybrid polymers could arise from the confinement of excitons within each of 
the oligofluorene segments due to the interconnecting B-POSS cage. Thus, the 
oligofluorene segments function as isolated chromophores, giving rise to high 
recombination efficiency of excitions and holes.157 This suggests that the 
optical properties of oligofluorenes are faithfully maintained in our designed 
POSS-OFls copolymers. 
Table 3.2 Optical properties and lifetime of the hybrid nanocomposites prepared in solution 
and as solid films. Excitation wavelength for PL is 340 nm 








P1 337 365,384,410 337 361,383,407 
P2 353 387,406,449 350 396,419,450 
P3 365 409,435,468 362 411,433,470 
PF 384 416,442,475 380 423,451,495 
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 Time-resolved PL was used to study the dynamics of optical decay as shown 
in Figure 3.8. The decays were found to be quite close to first-order kinetics in 
both the solution and film form of POSS-OFls hybrids, suggesting the absence 
of other processes and that the excitons are mainly localized within the 
oligofluorene segments. By fitting the decay curves to first order kinetics, 
lifetime values can be determined. It was found that POSS-OFls exhibit 
decreasing time constant when the conjugation length increases from P1 to P3 
in solutions. A similar effect has been reported for oligofluorenes, in which the 
fluorescence lifetime (τ) decreased inversely with chain length (n) following 
the equation τ =[386+(808/n)] (ps).158,159  
 
Figure 3.8 Lifetime of the hybrid polymers P1 to P3, and PF prepared in (a) solution and as 
(b) films forms. 
 
 It is noted that the lifetimes of POSS-OFls in film form (Figure 3.8b) 
become shorter relative to those in solution, but they remain much longer than 
that of PF. The non-ideal first-order decays indicated other non-radiative 
processes occurring in the film samples. Shorter life times in film samples can 
probably be explained by the higher exciton concentration in solid films 
relative to those in dilute solution so that fluorescence is quenched readily via 
frequent exciton-exciton collisions. Meanwhile, shorter lifetime in PF confirms 
its shorter inter-chain distance due to π-π stacking. Thus, the longer 
fluorescence lifetime detected in our POSS-OFls samples is a result of the 
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collective confinement and hindrance effects of the interconnecting B-POSS 
segments.  
3.3.4  Electrochemical properties 
Next, the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) energy levels of the obtained hybrid polymers was 
investigated by using CV in a typical three-electrode cell. A thin layer of the hybrid 
polymer film coated onto PET-ITO was used as the working electrode, a platinum rod 
was used as the counter electrode, and all potentials were recorded versus Ag/AgCl 
(saturated) as reference. The CVs were recorded in a solution of n-Bu4NPF6 (0.1M) in 
distilled acetonitrile as shown in Figure 3.9 and the results were summarized in Table 
3.3.  
 
Figure 3.9 Cyclic voltammograms of the prepared polymers in anhydrous acetonitrile 
for oxidation. 
 
 As shown in Figure 3.9, the onsets potential (Eonset) were observed at 1.56, 1.47, 
and 1.37 V for P1, P2, and P3, respectively. Consistent with reported electrochemical 
properties of most conjugated oligomers,160 a steady increase in oxidation potentials 
was detected with decreasing length of the oligofluorenes in these hybrid polymers. 
Moreover, at the same polymer concentration, significantly higher current was 
observed for P3 compared with P2 and P1, indicating a higher conductivity of P3 
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polymer film. This result also suggests that B-POSS is a good electronic barrier to 
prevent charge transfer along the polymer backbone. However, when the conjugated 
oligofluorenes become long enough, these electronic active units may be packed close 
enough to allow inter-chain charge transfer to occur. 
 From the onsets potential, the HOMO energy levels of the hybrid polymers 
were estimated. Due to the wide energy gap (Egap) in these hybrid copolymers, 
no reduction peak was exhibited and the LUMO levels were estimated from the 
HOMO energy level and the optical band-gap (measured from absorption onset 
in Figure 3.7). The HOMO and LUMO levels were calculated according to 
Equations (1) and (2) and the results were summarized in Table 3.3. 
HOMO (eV) = -Eonset - 4.43 (1) 
LUMO (eV) = HOMO - Egap (2) 
 The energy reference of 4.43 eV in Equation (1) was derived from the redox 
potential of Fc/Fc in the same solution and scan rate.  
 From Table 3.3, we found that EgapP1 > EgapP2> EgapP3> EgapPF. This is 
consistent with literature report on oligofluorenes,161 and further confirms that 
the oligofluorene segments in our POSS-OFls copolymers maintain their well-
defined oligomeric characteristics and electrochemical properties. 










P1 337 1.56 -5.99 -2.65 3.34 
P2 350 1.47 -5.90 -2.83 3.07 
P3 362 1.37 -5.80 -2.82 2.98 




3.3.5 OLED device fabrication and performance test 
To demonstrate the potential applications of our hybrid polymers, OLED 
device was fabricated using the architecture ITO/PEDOT:PSS(~30 nm)/P3 or 
PF (70nm)/TPBi (25 nm)/LiF(1nm)/Al (100 nm) according to reported 
procedure, with PEDOT:PSS as hole injection/hole transport layer and TPBi as 
electron transport layer.162 Generally, Indium–tin oxide (ITO) substrates on 
glass underwent a solvent ultrasonic cleansing by using acetone and 
isopropanol and followed by O2 plasma treatment. A layer of poly(3,4-ethylene 
dioxythiophene) doped with poly(styrene sulfonate) (CH8000:DI=2:1) was 
then deposited onto ITO by spin-coating. The ITO with PEDOT/PSS was 
subsequently annealed at 120 oC under vacuum for 15 min. Then, the polymer 
layer dissolved in chloroform at 10 mg/mL was spin-coated onto the 
ITO/PEDOT:PSS. Excess polymer on the slide was removed off by cotton 
swab wetted with chloroform and excess PEDOT:PSS was removed by acetone.  
The electron-transport layer TPBi was also spin-coated on top of the polymer 
layer. LiF cathodes were finally evaporated through a shadow mask. A 
protective layer of aluminum was deposited on top of the LiF to increase the 
stability of the cathode. P3 was selected to fabricate the OLED device because 
it exhibits pure blue emission and high luminescent intensity among the 
prepared hybrid polymers. Similar OLED device based on PF was also 
fabricated as a control for comparison. Devices for P1 and P2 were not 
compared because of their low HOMO levels relative to ITO/PEDOT:PSS 
electrode (Figure. 3.10a) and thus the anticipated poor hole transport ability. 
The cathode was finally deposited by thermal evaporation of TPBi, LiF and 




Figure 3.10 (a) Energy level diagram showing the estimated HOMO/LUMO levels of 
polyfluorene derivatives. (b) Normalized electroluminescence spectra of P3- and PF-based 
OLED. Insets are digital photographs showing the emitted colors of the operating OLEDs. 
 
Figure 3.10b shows that the EL spectrum of the P3-device has the same 
profile as its PL spectrum (Figure 3.7c), with major peaks at 415, 436, and 485 nm. 
However, the device made from PF exhibited a peak shift to 487 nm, together with a 
new peak appearing at 522 nm in its EL spectrum. The exact nature of this bluish 
green 522 nm emission is unknown but may be due to π-π stacking as revealed in 
earlier reports.163,164 With elevating voltages, both devices showed an enhancement in 
the emission intensity, but only the P3-device maintained the same EL profile 
throughout. The pure blue emission from P3-device is indicated at (0.17, 0.12) by the 
Commission International de L’Eclairage (C.I.E) coordinates. On the contrary, the C. 
I. E. of PF-device was found at (0.21, 0.21) in the bluish green range. Thus, the 
hybrid polymers have demonstrated excellent color stability and color purity as 
compared to PF. Similar cage structure of cosahedral carboranes has also been 
incorporated into the main chain of polyfluorenes report by Andrew et al.165 Although 
their study did not focus on color purity, the reported PL and EL results showed that 
cosahedral carboranes could not suppress the red-shifts in emission. Thus, we believe 
our B-POSS moiety is big enough to efficiently suppress the packing in the solid state, 




 As shown in Figure 3.11, The low turn-on voltage (taken as the field 
required for a luminance of 1 Cd/m2) of the P3-device is quite close to that of 
the PF-device, indicating that P3 shows good conductivity even with B-POSS 
incorporated in the polymer backbone. The luminescent intensity and current 
density of the P3-device are lower than that of the PF-device. This is expected 
due to the relatively lower molar content of chromophores in the P3-device. In 
the pearl necklace-like structure, only 50 mol% of the P3 hybrid is the emissive 
oligofluorene segment. Since both P3 and PF emissive layers were fabricated 
under the same weight concentration during device fabrication, the emission of 
the P3 polymer layer is expected to be just about  half of that in PF layer.  
However, the luminescent efficiency (LEmax) of the P3-device was found to be 
higher than that of PF-device after turned on (at 4.5V). The luminescent 
efficiency of the P3-device reduced quickly, however, to as low as that of the 
PF-device. This problem may arise due to the selection of the hole transport 
layer. As can be seen from Figure 3.10a, P3 exhibits deep HOMO level of 5.8 
eV. Such large gap will definitely limit hole transport from ITO to the emissive 
layer, making it difficult to apply a HTL layer of suitable energy level for P3 




Figure 3.11 (a) Current-voltage (I-V); (b) voltage-luminescence (V-L) characteristics of 
OLEDs prepared with the configuration ITO/PEDOT:PSS/sample/TPBi/LiF/Al; (c) 
Efficiencies of OLEDs. 
 
3.4 Summary 
In summary, a series of pearl necklace-like hybrid polymers, containing the 
bifunctional inorganic POSS and organic light-emitting oligofluorenes as the polymer 
backbone was designed and synthesized. The resulting hybrid polymers exhibit 
enhanced thermal stability, good solubility and film-formation properties, as well as 
retaining the well-defined optical properties of the oligofluorenes such as deep blue 
emission and high color purity. Furthermore, the hybrid-based OLED devices showed 
enhanced thermal stability and color stability compared to the same device fabricated 
from polyfluorene. Our results suggest that, by using these approach, we can broaden 






Chapter 4. Probing Distance-dependent Energy 
Transfer in Donor–POSS–Acceptor Triads 
Nanocomposites 
4.1 Background on Donor-acceptor Polymers 
Conjugated polymers (CPs) with regularly alternating electron-donor and electron-
acceptor units have attracted much interest in applications such as sensors,166 
OPVs,167 OFETs168 and OLEDs169 because of their semiconducting properties and 
photo harvesting properties. It was found that excitation energy can transfer from the 
excited donor to the acceptor through non-radiative dipole–dipole coupling, resulting 
in an amplification of emission from the acceptor.170 This energy transfer process is 
known as Föster Resonance Energy Transfer (FRET) and it provides a way to 
improve the luminescence efficiency and tune the emission color of materials. When 
two polymer chains get closer, π-stacking between the CPs chains occurs and such 
close coupling induces energy transfer. The result is a decrease of the emission 
lifetime and intensity from the donor and the increase of emission intensity of 
acceptor. The efficiency of FRET depends on the distance and orientation between 
donors and its surrounding acceptors.171 Probing the distance dependent energy 
transfer with a controllable chemistry method continues to attract research interest.  
Nguyen et al. have filled MEH-PPV polymer into mesoporous silica matrix with 
diameter of 22 Å to suppress interchain energy transfer.172 This provided a physical 
limit of only one polymer chain per pore and thus only intra-chain energy transfer 
was operative. Wang et al. reported conjugated polyelectrolyte copolymer containing 
benzothiadiazole (Bt) and oligo(ethylene oxide)-substituted fluorene.173 Decreasing 
interchain distance by adjusting pH value give rise to a lower photoluminescence 
(PL) efficiency due to increased levels of FRET from the fluorene segments to Bt.  Li 
et al. used layered double hydroxide nanosheets to restrain bis(8-hydroxyquinolate) 
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zinc chromophores and control interactions between layers.174 Hameed et al. prepared 
isolated donor-accepor molecules intercalated by poly (viny alcohol) hydrogen bond 
network.175 The above reports usually employ noncovalent interactions, thus there is 
physical limitation for the effective separation between donors and acceptors. 
Furthermore, mimicking energy transfer without electron transport effect is a 
remaining challenge.  
 
Figure 4.1 Schematic illustration of the synthesis of hybrid polymer structure containing 
alternating POSS, OFl3 and TBtT units in the polymer backbone. For convenience, R was 
used to represent octyl chain of the oligofluorenes. 
 
    In Chapter 3, we reported the successful isolation of conjugated oligofluorenes 
chromophore by POSS.176 Optoelectronic analyses showed that POSS can effectively 
suppress the interchain packing and confine the excitons intramolecularly. The design 
takes advantages of the bulky volume, wide energy gap, easy modification, cage 
structure and photo transparent properties of POSS.20,32,177,178 To study energy transfer 
specifically and without electron transport effect, we attempt in this chapter to 
separate donor and acceptor with POSS as shown in Figure4.1. In this case, charge 
transfer between the donor-acceptor pair is prohibited due to the huge band-gap of 
POSS.50 Therefore, the architecture of the hybrid polymer allows us to study the 
efficiency of both intra- and inter chain energy transfer occurring at different 
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concentrations. We believe the new hybrid polymer will provide valuable information 
on energy transfer in polymer-based optoelectronic devices. 
4.2 Experimental 
4.2.1. Materials  
All reactants used were purchased either from Sigma-Aldrich or Alfa-Aesar 
and used as received without further purification. All organic solvents were of AR 
grade and purchased from TEDIA, Merck or J. T. Baker. Toluene was dried over 
calcium hydride under nitrogen gas (N2) before use. Tetrahydrofuran (THF) was 
distilled over sodium/benzophenone prior to use.  
4.2.2 Characterization 
Fourier-transform infrared (FTIR) spectra were measured using a Perkin Elmer 2000 
FT-IR spectrometer. The spectra were recorded with 16 scans, and signal averaged 
with a resolution of 4 cm-1. NMR spectra were obtained on Bruker DRX 400MHz 
spectrometer in deuterated chloroform (CDCl3). UV-vis spectra were recorded by 
Shimadzu UV-3100PC UV-VIS-NIR spectrometer. Photoluminescence (PL) spectra 
were obtained using Shimadzu RF-5301PC. Polarized fluorescence was conduct 
between two polarized slides with different direction. The molecular weight and 
distribution of the polymers were measured by gel permeation chromatography 
(GPC). The system was calibrated with mono-dispersed polystyrene (PS) standards 
and THF was used as the eluent at a flow rate of 1.0 mL/min. Atmospheric pressure 
chemical ionization mass spectra (APCI-MS) were obtained using a Micromass 
7304E mass spectrometer. Time resolved PL spectra were measured with the 
excitation of a pulsed laser diode operating at 405nm and dispersed by a 
monochromator (Acton, SpectroPro 2300i) and detected with a liquid-nitrogen-cooled 
charge-coupled device (CCD) detector. Powder X-ray diffraction (XRD) patterns 
were recorded on a Rigaku D/MAX2500VB2+/PC X-ray diffractometer, using Cu Ka 
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radiation (0.154184 nm) at 40 kV, 30 mA with a scanning rate of 5o min-1. Scanning 
electron microscopy (SEM) images were recorded on a JEOL FESEM JSM6700F. 
Transmission electron spectra (TEM) images were recorded with JEOL 2100 TEM. 
Polarized optical microscopy was taken with a Nikon microscope. The time-resolved 
PL was measured using a time-correlated single-photon counting (TCSPC) system 
(PicoHarp300, PicoQuant), with the same excitation laser as PL measurement.  
4.2.3 Synthesis of monomers 
Synthesis of 4,7-Bis(2'-octylthiophen-2-yl)-2,1,3-benzothiadiazole (1).179,180 In a 
typical reaction, 4,7-dibromo- 2,1,3-benzothiadiazole (0.376 g, 1.28 mmol), 2-
(3-octylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.90 g, 2.81 
mmol), 12 ml of toluene, 6 ml of Na2CO3 solution (2 M), and four drops of 
Aliquat 336 were mixed together under argon protection. The mixture was then 
vacuum degassed through several freeze-pump-thaw cycles for half hour. 
Catalytic amount of Pd(PPh3)4 (7.2 mg, 0.00625 mmol) was added and one 
more freeze-pump-thaw degas cycle was applied. The mixture was then 
transferred to an oil bath, stirred and refluxed at 100 oC for 24 hours. After 
cooling, the reaction mixture was extracted with ethyl ether and the organic 
layers were collected, washed with water (three times) and dried over 
magnesium sulfate. After filtration, the volatile ethyl ether and toluene was 
removed through rotary evaporator. The crude product was chromatographed 
on silica gel using hexane as the eluent. This was obtained as red oil (2.9 g, 
82%). 1H NMR (400 MHz, CDCl3, δ ppm): 7.65 (s, 2H), 7.44 (d, 2H), 7.11 (d, 
2H), 2.66 (t, 4H), 1.66-1.59 (m, 4H), 1.25-1.19 (m, 20H), 0.85 (t, 6H). 
C30H41N2S3 MS (APCI):  m/z found: 525.2419, calculated: 525.2426. 
Synthesis of 4,7-Bis(5'-bromo-3'-(2-octylthiophen-2-yl)-2,1,3-benzothiadiazole 
(2).179,180 N-bromosuccinimide (NBS) (1.42g, 7.97mmol) was added in portions to a 




over 45 minutes. The reaction was stirred for 1 hour at 0 oC and then at room 
temperature overnight. The reaction was quenched by the addition of water and the 
resultant mixture was extracted with CHCl3 (25 ml x 3). The organic layers were 
combined and washed with NaOH solution, 30 ml water (three times) and dried over 
magnesium sulfate. After filtration, the volatile CHCl3 was removed through rotary 
evaporator. Hexane /dichloromethane was used as eluent to afford the desired product 
as a red solid (2.24, 87%). 1H NMR (400 MHz, CDCl3, δ ppm): 7.60 (s, 2H), 7.06 
(s, 2H), 2.61 (t, 4H), 1.62-1.57 (m, 4H), 1.25-1.19 (m, 20H), 0.85 (t, 6H). 
C30H39Br2N2S3 MS (APCI):  m/z found: 681.0624, calculated: 681.0637. 
 
Synthesis of 4,7-Bis(5'-etynyl-3'-(2-octylthiophen-2-yl)-2,1,3-benzothiadiazole 
(TBtT)181 Before preparing compound TBtT, 4,7-Bis(5'-2-trimethysilyl -3'-(2-
octylthiophen-2-yl)-2,1,3-benzothiadiazole was synthesized as the precursor. A 
solution of trimethylsilyl acetylene (1.08 g, 1.55 mL, 11.0 mmol) in diisopropylamine 
(20.0 mL) was slowly added to a solution of compound 2 (3.4 g, 5.0 mmol), 
(Ph3P)2PdCl2 (0.175 g, 0.25 mmol), and CuI (0.047 g, 0.25 mmol) in 
diisopropylamine (50.0 mL) under argon at room temperature. The reaction mixture 
was then stirred at 70 °C for 8 h. Solvent was removed under reduced pressure, and 
the residue was chromatographed on silica gel using hexane/ethyl acetate as eluent to 
give precursor of 3 (3.22 g, 90%) as orange crystals. 1H NMR (400 MHz, CDCl3, δ 
ppm): 7.63 (s, 2H), 7.23 (s, 2H), 2.61 (t, 4H), 1.62-1.56 (m, 4H), 1.25-1.19 (m, 20H), 
0.85 (t, 6H), 0.26 (s, 18H). C40H57N2S3Si2 MS (APCI):  m/z found: 717.3225, 
calculated: 717.3217. 
KOH aqueous solution (6.0 mL, 20.0%) was diluted with methanol (25.0 mL) and 
added to a stirred solution of the precursor prepared above (3.58 g, 5.0 mmol) in THF 
(50.0 mL). The mixture was stirred at room temperature for 1 h and extracted with 
hexane. The organic fraction was washed with water and dried over sodium sulfate. 
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The crude product was chromatographed on silica gel using hexane as the eluent to 
give compound TBtT (2.64 g, 92%) as orange crystals. 1H NMR (400 MHz, CDCl3, δ 
ppm): 7.64 (s, 2H), 7.27 (s, 2H), 2.61 (t, 4H), 1.62-1.56 (m, 4H), 1.25-1.19 (m, 20H), 
0.85 (t, 6H). 13C NMR (100 MHz, CDCl3, δ ppm): 154.4, 142.0, 135.5, 134.6, 130.3, 
127.3, 122.8, 82.6, 77.2, 32.2, 30.8, 29.8, 29.7, 29.6, 23.0, 14.5. C34H41N2S3 MS 
(APCI):  m/z found: 573.2424, calculated: 573.2426. 
Synthesis of 9,9,9’,9’,9”,9”-hexaoctyl -2,7-diethyny-terfluorene (OFl3)
148 was 
obtained following procedures as given in Section 3.2.3(b) (labeled as 
compound 6 therein).  
4.2.4 Synthesis of polymers 
First, the two monomers OFl3 and TBtT were prepared as mentioned above, and B-
POSS was synthesized according to Section 3.2.2(c). A typical polymerization 
procedure is given as follows, taking P50 as example. To a 20 mL Schlenk flask were 
added B-POSS (2.308 g, 2 mmol), compound OFl3 (1 mmol), compound TBtT 
(1mmol) and toluene (10 mL) under argon. Pt(dcp) (catalytic amount) was added, and 
the mixture was stirred at 100 oC for 48 h. After re-precipitation from toluene into 
methanol, the precipitate was collected and dried in vacuum to give yellow powder 
(yield 90 %). 1H NMR (400 MHz, CDCl3, δ ppm): 7.79-7.44 (b, 62H), 6.02-5.76 (m, 
2H), 2.28-1.19 (m, 16H), 1.11-0.96 (b, 40H), 0.77 (b, 24H), 0.56-0.47 (b, 2H), 0.37 
(b, 6H). Two catalysts were employed in this synthesis: i.e. Pt(dcp) and Pt(dvs), as 
Pt(dcp) will lead to gel product for P0 sample. On the other hand, TBtT forms 
complex with Pt(dvs) but not with Pt(dcp). The synthesis of Pt(dcp) followed 
literature report.182  
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4.3 Results and Discussions 
4.3.1. Synthesis and characterization 
In our synthesis, B-POSS was coupled with the trimer of fluorene (OFl3) and TBtT in 
the polymer backbone through random hydrosilylation. This produced a new kind of 
pearl necklace like hybrid polymers as shown in Scheme 1. Fluorenes is a group of 
well-known wide energy gap CPs and energy donors.183 On the other hand, the 
narrow energy gap emissive benzothiadiazole segment is often incorporated into 
fluorenes to realize multicolor emissions.184 As shown in Figure 4.1, the polymers 
were labeled as P100, P50, P10, P5, P3.3 and P0, with the number indicating the mole 
percentage of TBtT to OFl3. Thus P100 denotes pure P(TBtT-B-POSS) and P0 
denotes pure P(OFl3-B-POSS) polymers respectively. Hydrosilylation reaction was 
also applied to polymerize B-POSS, OFl3 and TBtT to give the series of polymers 
P50, P10, P5 and P3.3. The ratio of donor to acceptor was adjusted to modulate FRET 
transfer at varying interchain distances studied in the later sections. Table 4.1 
summarizes the polymerization conditions and properties of the resultant products. 
















0.15 0 0.15 10 105 72 25,000/1.91 13,000 P100b 
0.30 0.15 0.15 20 80 36 52,000/2.15 24,000 P50b 
0.165 0.15 0.015 20 80 36 55,000/2.29 24,000 P10b 
0.315 0.30 0.015 20 80 24 57,000/2.52 22,000 P5b 
0.31 0.30 0.01 25 70 20 114,000/3.42 33,000 P3.3b 
0.15 0.15 0 10 105 36 52,000/1.34 39,000 P0c 
aAnalytical GPC was obtained in tetrahydrofuran (THF) using polystyrene as standard. PDI 
was calculated as Mw/Mn. bPolymers were prepared with Pt(dcp) as catalyst. cP0 was prepared 




The reaction conditions were milder from the top to the bottom in Table 4.1 as the 
ratio of OFl3 increases. Our results showed that high temperature, more OFl3, and 
longer reaction time would lead to higher molecular weight or even gel formation of 
the hybrid polymer. On the other hand, PDI also increases from 1.91 to 3.42 from 
P100 to P3.3 as the ratio of OFl3 increases. We believe that the linear-shaped OFl3 
exhibit smaller space hindrances compared with TBtT, thus more OFl3 lead to more 
space for B-POSS to access, resulting in more seeds at the beginning of 
polymerization and faster growth of the chains.  
 
Figure 4.2 1H-NMR of the prepared copolymers measured in D-chloroform. 
 
The polymerization reaction was monitored by 1H-NMR spectroscopy and allowed 
to proceed until Si-H resonance peak at 4.97 ppm disappeared. As shown in Figure 
4.2, Si-H was not detected in all polymers, instead there is the appearance of -
CH2=CH2- at around 6 ppm. Only the Si-CH3 signal from B-POSS was retained at 
~0.4-0.5 ppm. In the aromatic range of 7-8 ppm, however, signals from the benzene 
ring of B-POSS, OFl3 and TBtT overlapped. Thus, it was not possible to obtain the 
exact ratio of OFl3 versus TBtT from NMR spectra. In order to estimate the donor-to-









elemental analysis (EA) were performed. Combined with specific wavelength 
absorbance in figure 4.6 and extinction coefficient in figure 4.3, we can obtain the 
stoichiometry of TBtT in the backbone . The OFl3 to TBtT ratio calculated from 
Beer-Lambert lawwas found to be 1.7:1, 9.7:1, 21.6:1 and 31.8:1, for P50, P10, P5 
and P3.3 respectively.  Due to the limitation of EA analysis for low S%, only P50 
sample was measured and a ratio of 1.06:1 for OFl3 to TBtT was found. This general 
agreement allows us to label and discuss the samples according to their feed ratios. 
 
Figure 4.3 Extinction coefficient of P100 and P0 measured from UV-vis absorption spectra. 
(Calculated from ԑ=A/bc) 
 
4.3.2. FRET study of OFl3 and TBtT monomers and their polymers 
Before examining the FRET characteristics of the hybrid polymers, we firstly probed 
the fluorescence quenching property of TBtT to a monomeric solution of OFl3. As 
shown in Figure 4.4a, the absorption maxima of OFl3 and TBtT are quite distinct in 
the region 250-400 nm. An absorption shoulder of TBtT, however, was overlapping 
well with the emission of OFl3 in the 370-500 nm region. Thus we anticipated that an 
allowed FRET may occur between OFl3 and TBtT in this wavelength region. We 
have chosen 350 nm as the excitation wavelength in subsequent studies since the OFl3 
segment shows maximum absorbance whereas TBtT segment exhibits the lowest 





Figure 4.4 (a) UV-vis of TBtT, OFl3 and PL spectrum of OFl3 in chloroform before 
polymerization; (b) PL spectra evolution of OFl3 with different amount of TBtT added. 
Excitation wavelength is 350 nm. 
 
Next, the PL spectrum of OFl3 with incremental addition of TBtT was monitored. 
As shown in Figure 4.4b, OFl3 exhibited maximum emission at ~408 nm before the 
addition of TBtT. The gradual addition of 5µM TBtT resulted in a progressive 
attenuation of the PL intensity of OFl3 in 370-500 nm. Simultaneously, an increase in 
the emission of TBtT chromophore occurred at 560 nm.185 All these PL spectra were 
measured after 5 min of mixing, and there were no detectable changes in the spectral 
characteristics even after several hours of standing inside the cuvette. The volume of 
TBtT solution added is sufficiently small that the change in overall concentration 
throughout the quenching studies is less than 1%. Changes in PL intensities are 
therefore not due to dilution.  
The Föster radius (R0) is defined as the distance at which the energy transfer 
efficiency is 50%, Analysis of Figure 4.4b suggested that the OFl3 emission is just 
quenched to ~50% when 30 µM TBtT is added. Thus, R0 can be calculated from 
Equation 1186 for the OFl3 and TBtT donor-acceptor pair as:  







dλ                          Eqn.1  
    
This equation describes R0 as a function of the fluorescence quantum yield (QD) of 
the donor in the absence of the acceptor, the dipole orientation factor (), the 
refractive index of the medium (n), the Avogadro's number (N), and the spectral 
overlap between the donor emission (represented by FD) and the acceptor absorption 
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(represented by εA). Experimentally, QD is found to be 95%, the refractive index of 
THF is 1.407,  is assumed to be 2/3 for freely rotating dipoles, and εA is obtained 
from Figure 4.2. The Föster radius R0 was thus calculated to be 4.0 nm for the OFl3 
and TBtT pair.  
In the subsequent tests, we physically mixed the two pure polymers P0 and P100 at 
1:1 weight ratio in order to estimate the minimum concentration for interchain energy 
transfer to occur. As shown in Figure 4.5a, the PL spectrum of the mixture at 
12µg/mL exhibited only emission due to the OFl3 chromophore. The emission 
intensity increased from 12µg/mL to 24µg/mL, and remained the same from 24 to 36 
µg/mL. Further increase in concentration yielded attenuation in emission, suggesting 
a critical point where a quenching mechanism may be operative in the solution. The 
emission intensity of OFl3 chromophore continued to decrease linearly for solutions 
from 72 µg/mL onwards. On the other hand, the acceptor emission at 500-650 nm 
became discernible in the normalized spectra in Figure 4.5b. A small hump can be 
identified in the expanded spectra for concentrations from 72 µg/mL onwards. On the 
basis of these observations, we believe that the donor and acceptor chromophores on 
the P0 and P100 polymers respectively are in close enough proximity at ~72 µg/mL 
for inter-chain energy transfer to occur. 
 
Figure 4.5 The PL spectra of a 1:1 mixture of P0 and P100 at different concentration (a) 
before normalization; (b) after normalization. 
 
 




































































4.3.3. Absorption and steady state photo-luminance study 
The UV-vis absorption spectra of all the hybrid polymers prepared are shown in 
Figure 4.6. P100 exhibited two maxima at around 320 nm and 440 nm respectively. 
As compared to Figure 4.4a, these peaks appeared at 310 nm and 420 nm were 
assigned to pure TBtT compound. The slight bathochromic shift is expected since 
polymerization has elongated the conjugation length with two additional double 
bonds in P100. Similar to P0, all the other spectra exhibited dominant peak at 360 nm. 
This confirms that OFl3 chromophore has higher extinction coefficient than TBtT.  
 
Figure 4.6 UV-vis absorbance of each copolymer at certain concentration. 
 
In order to study the intra-chain energy transfer in these hybrid polymers, steady 
state PL studies were conducted at dilute concentrations. In Figure 4.7a, the PL of 
P50 sample was monitored at varying concentration from 0.33 to 24 µg/mL. As 
discussed above, inter-chain energy transfer or other self-quenching mechanism 
should be minimal in this low concentration range. Similar studies were performed 
for P10, P5, and P3.3 samples as presented in Appendix B. Generally, it is observed 
that the emission intensity of both the OFl3 (408 nm) and TBtT (580 nm) 
chromophores increases with concentration without any obvious peak shift. This 
suggests that B-POSS can effectively prevent electronic conjugation between the 
chromophores in the hybrids. For ease of analysis, the emission intensity of the two 
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chromophores was plotted against concentration for all the hybrid polymers in Figure 
4.7b-d.  
 
Figure 4.7 (a) PL spectra of P50 at different concentration. (b)-(d) Plots of PL intensity versus 
concentration for (b) emission of TBtT at 580 nm and (c) emission of OFl3 at 408 nm, and (d) 
the ratio of OFl3/TBtT emission in (b) and (c). Excitation wavelength is 350 nm. 
 
In Figure 4.7b, it is noted that the pure TBtT polymer (P100) exhibited lowest 
emission values with the most moderate gradient in the plot. In contrast, obvious 
upward slopes can be found for P3.3, P5, P10 and P50 samples, suggesting efficient 
transfer of energy to the TBtT chromophore. The enhancement occurred even at 
2µg/mL, which is clearly attributed to intra-chain energy transfer. Comparing the four 
polymers, the enhancement is most obvious for sample P50.  The trend is less obvious 
for samples P5 and P3.3, probably because the content of TBtT is so low at such low 
concentrations that the intensity measurement involved large uncertainties. At 
12µg/mL, we can compute the enhancement factor (defined as the intensity increase 
per TBtT unit) as 17, 54, 85, and 220 for samples P50, P10, P5 and P3.3 respectively. 
Energy transfer from the OFl3 to TBtT chromophore is more efficient in lower TBtT 
samples. This seems reasonable in view of the random structures of our polymers. 
77 
 
Figure 4.7c shows that the intensity of OFl3 emission increased with concentration 
as expected. The plot gradually reached a plateau, however, suggesting the onset of 
energy transfer from OFl3 to TBtT.
186 In order to evaluate this onset, the intensity 
ratio of I408/I580 was plotted as shown in Figure 4.7d. Thus, the ratio increased quickly 
at low concentration and reached a stable value for all the samples after ~12 µg/mL.  
4.3.4. Time-resolved photoluminance study 
In this section, the energy transfer of the prepared polymers were probed by time-
resolved PL spectroscopy. Analysis on the decay dynamics of the OFl3 emission peak 
monitored at 416 nm was focused as shown in Figure 4.8. Solutions with 
concentration of 12 µg/mL, 24 µg/mL, and 1 mg/mL, as well as cast solid film state 
were selected for the investigations. The cast film was prepared by spin-coating 
8mg/mL solution onto quartz plates to give densely packed donors and acceptors. 
 
Figure 4.8 Normalized time-resolved photoluminescence decay monitored at 416 nm for 
prepared polymers at different concentration: (a) 12 µg/mL; (b) 24 µg/mL; (c) 1mg/mL and 
(d) as cast film. (Excitation wavelength = 405 nm). 
 
The decays of the donor emission are close to mono-exponential for all the hybrid 
polymers both in solution and film state. More obvious deviation was noted for the 
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rather high concentration solutions (1 mg/mL) in Figure 4.8c. By assuming single 
exponential for the initial decay, the decay curves were fitted with a monoexponential 
function (y=Ae(-t/τ)). The lifetime of the donor excited state, τ, was thus obtained as 
tabulated in Table 4.2. 
Table 4.2 Lifetime (nsec) of the donor excited state obtained from time-resolved PL 
measurement for solutions and film. 
 
Name 12ug/ml  24ug/ml 1mg/ml Film 
P0 0.78 0.78 0.80 0.34 
P3.3 0.75 0.65 0.61 0.37 
P5 0.73 0.67 0.47 0.33 
P10 0.73 0.69 0.42 0.33 
P50 0.42 0.40 0.37 0.34 
 
Hence, P0 sample which is the pure OFl3 hybrid polymer solutions exhibited 
consistent lifetime of ~0.8 nsec throughout the concentration range as shown in Table 
4.2. The excited state lifetime is quenched by almost half in the film state, as typically 
observed due to aggregation. On the other hand, all the other hybrid polymers showed 
varying lifetimes depending on the concentration. Thus, at 12 µg/mL, it is clear that 
all samples, particularly for P50 sample, showed lifetime lower than that of P0. This 
is in agreement with the above steady-state PL study, as the presence of TBtT has 
apparently facilitated intra-chain FRET. The lifetime further decreased at 24 µg/mL, 
with P3.3, P5, P10 exhibiting larger decrease. At this concentration, a higher FRET 
efficiency is probably due to closer inter-chain distance and inter-chain energy 
transfer may be operative. This trend continued for concentration at 1mg/mL. This is 
because more acceptor and a closer inter-chain distance can further reduce the 
quantum yield of donor in dynamic quenching, leading to a shorter lifetime of it.187 
The same trends were observed in fluorene-Bt system where single exponential decay 
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with a time constant of 0.43 ns for c-PFP, 0.6 ns for c-PFB15 and 0.71 ns for a-PFP. 
The short lifetime might be originated from the other excited species related to the 
aggregated fluorene units in the condensed phase.188 In film state, all copolymers 
have similar τ to OFl3. An extra close distance in film can induced self-trapping and 
quenching of excitons. This might be the dominate effect in decreasing film state 
lifetime compare with inter-chain FRET effect. Our study here shows that both intra-
chain and inter-chain coexist in our copolymers and inter-chain FRET play a 
dominant role. Vooren et al. studied electron transport in Poly(9,9-di-n-octylfluorene-
alt-benzothiadiazole) (F8BT) by calculation.189 They found that the electron 
transports are as large as the highest values found for interchain transport. Intrachain 
electron transport in F8BT is not a very efficient process due to the high-energy 
barrier introduced by the F8 sites sandwiched between the BT sites. On the other 
hand, although B-POSS is around 1.5 nm and nonconjugated material, FRET can still 
occur. It’s a pity that we can’t calculate R0 according to Eqn. 1 because it’s based on 
the assumption that energy transfer efficiency E in Eqn. 2 is 50% and none of our 
copolymer reaches this value.  
                                        E = 1 −
FDA
FD
                                                      Eqn. 2            
Instead of that, we use Eqn. 3 190 to estimate R0 where A is a scaling constant, τD = 
0.78 ns is the donor decay lifetime in the absence of acceptors, CA is the 
concentration of acceptor.  









)                                       Eqn. 3 
The estimated R0 is 6 nm. The more efficient intra-chain energy transport is 
probably due to the effectively isolated donor-acceptor and different dipole moment 
of the OFl3 and Bt. The chain segments physically reoriented to allow excitons to 
migrate from donor to acceptor via the bulky B-POSS. 191 
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4.3.5. Film state photoluminance study 
 
Figure 4.9 Normalized PL spectra of P100, P50, P10, P5 and P3.3 films prepared from 
8mg/ml polymer in chloroform. 
 
To study the film state emission, thin films were processed by spin coating on 
quartz from chloroform solution. As shown in Figure 4.9, the two peaks of the 
copolymers at 408 nm and 560 nm were merged into a broad peak, giving white color 
emission in visible range, providing potential application in white colored LEDs. 
OFl3 emission was quenched to some extent in film, and the intensity of Bt emission 
became stronger than that in dilute. This is in agreement with our lifetime 
measurement that polymer chains in film state packed conversely where inter-chain 
FRET has highest efficiency. Surprisingly, solid state emission maxima were found 
blue shifted from 580 nm in solution state to 551 (P100), 543 (P50), 533 (P10), 516 
(P5) and 511 (P3.3) in film state. This is opposite to normal observation that emission 
of conjugation polymers is known to be affected by π-π stacking, leading to 
bathchromic shift from solution to solid state film.136,137 Theoretical study of 
absorption and emission spectra of the monomer of poly(fluorine-alt-Bt) using TD-
B3LYP shows that the emission wavelength locates at 540-550 nm.192 Wu et al. also 
reported that the emission peak of the FBT alternating copolymer is at 540 nm.193 In 
our case, the blue shift was attributed to the aggregation-induced disorder. That is, the 
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densely packed polymers chains in solid state causes a decrease interaction of the 
polymer backbone due to bending, torsion and kinking to polymers solution.156 
Another possible reason is that, chromophores are nearest to each other compare with 
solution state. The close energy level lead to energy gap split and form new high level 
band between donor and acceptor. Thus, the more percentage of donors, the higher 
level of new bands located. This is probably the reason that P3.3 exhibit the 
maximum blue shift. 
4.3.6. Aggregation state photoluminance study 
Conjugated molecules are interesting components to prepare electro-and optical 
active nanomaterial.194,195  Their performance in the applications such as organic 
photovoltaics (OPVs),196 organic light-emitting diodes (OLEDs),197 organic field-
effect transistors (OFETs)198 and sensors199 are heavily relied on their local packing or 
assembly structures. This is because the electronic and optical properties of 
conjugated polymer thin films are intimately connected to the packing motifs of the 
molecules in the films. Thus, it is of paramount importance to control the assembly 
process that takes the polymers from a disordered state from solution into the semi-
ordered solid state. Self-assembly is one of the most promising strategies in 
improving and optimizing the molecular ordering. The self-assembly mechanism 
originates from the fact that conjugated molecules have an ability to grow 
preferentially in one direction with aid or non-covalent interactions, typically π-π 
interactions.200 In addition, combined secondary interactions like H-bonding or 
hydrophobic interaction is required to obtain nanometer-sized objects.201 Thus, the 
overall binding is the result of many cooperative processes. Various small conjugated 
molecules like perylenediimide,202 oligothiophene203 and benzothiadiazole 
derivatives186 are of great interest for self-assembly due to their electro-active 
properties and easy to assembled into nanobelts, nanofibers. The mostly explored 
polymers are of p-type semiconductors, such as poly(3-alkylthiophene) (P3AT) 
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nanowires204, polyaniline (PANI) nanostructures205 etc. However, compare with p-
type, limited n-type polymers have been assembled successfully in the literature 
reports because n-type polymers do not have sufficiently high electron affinity.206-208  
    POSS assisted molecular self-assembly has been reported by many research 
groups.119,209-213 POSS consists of a rigid inorganic Si-O core with flexible organic 
coronae has been reported to be low dielectric constant, high thermal stability, 
excellent transparency and unique structures.119 The well-defined properties make 
POSS ideal building blocks for construction organic-inorganic hybrid materials for 
self-assembly. For instance, di(ethylene glycol) modified POSS could self-assemble 
into uniform monolayers at the air-water interface because of a good hydrophilic-
hydrophobic balance.209 POSS was also applied as versatile moiety in self-assembled 
thin films using layer-by-layer method. The grafting of POSS to poly(ethylene glycol) 
(PEG) type polymers to prepare well-defined amphiphilic di- and triblock copolymers 
has proved to be one of the effective way for hydrogel preparation.214 In this Section, 
self-assembly morphology and optical properties of P50 sample was studied. As 
shown in Figure 4.10, POSS provides hydrophobic interaction for the self-assembly 
while OFl3 and TBtT would provide extra π-π interactions for the polymer assembly.  
 





To prepare polymer nanofibres, P50 was firstly dissolved in CHCl3 to make a stock 
solution with weight concentration of 1 mg/mL. The obtained clear solution was 
filtered off through a 0.45 µM membrane to remove any particles or contamination. 
Under stirring, 20 µL of the polymer solution was injected into 5mL methanol. 
Polymer aggregates came out instantly as can be seen from the orange fluorescent 
aggregates under irradiation of UV light (360 nm). The formed aggregates were drop 
cast onto the surface of silicon wafer. Nanofibres were formed on silicon wafer 
surface after solvents evaporated.    
 
Figure 4.11 (a) SEM image of nanofibres grown on silicon wafer with scale bar 100 nm; (b) 
AFM images of a single nanofibre on silicon wafer. 
 
Scanning electron microscopy (SEM) images in Figure 4.11a showed the formation 
of uniform and well-dispersed nanofibres with diameters ranging from 30 to 100 nm 
and length with tens of micrometers. The formation of nanofibres was also confirmed 
by transmission electron microscopy (TEM) analysis (Appendix B), which showed 
the formation of the uniform polymer nanofibers with diameter about 100 nm. 
Tapping mode atomic force microscopy (TM-AFM) was also employed to 
characterization of the formed polymer nanofibres. As shown in Figure 4.11b, 
polymer nanofibers with width of 100 nm was found, in consistent with the SEM and 
TEM analysis results. To build the packing model, density functional theory (DFT) 
calculations was used to optimize the structure of P50 as shown supporting 




indicates that the nanofibres are composed of several stacked polymer chains parallel 
to each other and to the substrate whereas a few chains were packed vertically to form 
the fibers. Their self-assembly behaviours were attributed to the strong - stacking 
of OFl3 and TBtT, and also the strong hydrophobic interactions of POSS in the 
polymer backbone, which push the polymer chains together into ordered packing in a 
polar solvent system (methanol in our example).  
 To further elucidate the structure of the nanofibres, X-ray diffraction (XRD), 
and selected area electron diffraction (SAED) were employed (Appendix B). XRD 
showed weak Bragg reflection at a d spacing of 1.12 nm which could be the results of 
interaction between B-POSS. The peak at 0.45 nm corresponds to the inter- and intra-
chain distances within the POSS moiety. Another small peak at at d spacing of 3.4Å 
was attributed to typical π-π stacking. Meanwhile, the d spacing of 1.12 to 0.45 shows 
a much higher ratio in fibres than in film, indicating efficient packing of B-POSS in 
fibres. SAED exhibited a serious of diffraction rings, suggesting the formation of 
ordered packing of molecules in the resulting nanofibers. Therefore, we proposed that 
when polymer P50 solution was added to methanol, the strong hydrophobic 
interaction of B-POSS induced the aggregation of P50 in methanol, while the - 
stacking between OFl3 and TBtT, together with the polarity comes from donor-
acceptor structure aligned the polymer chains to a parallel stacked nano structures as 





Figure 4.12 (a) Optical images of P50 nanofibres on a silicon wafer substrate (200 magnitude); 
(b) Time resolved mapping of nanofibres. 
 
An important step in developing new optical device technologies is to obtain 
knowledge of the structure-property relationships. To explore the optical properties of 
P50 nanofibres, photoimage and time-resolved photoluminescence mapping of P50 
fibers was studied as shown in Figure 4.12. Large area nanofibres were found from 
optical microscopy from Figure 4.12a. To confirm the consistency in the signals from 
different points on the fibres, life-time mapping analysis of the sample by 
simultaneously monitoring the fluorescent at different points on the nanofibers was 
carried out. For mapping analysis, an area of 25 µm × 25 µm on the substrate was 
selected. Time resolved mapping indicated in Figure 4.12b show that uniformly 
distributed lifetime with 0.43 ns by monitored from donor side. For comparison, 
homogeneous P50 film exhibit lifetime of 0.4 ns which is possibly due to easier 
exciton collision in film form.  
 
Figure 4.13 (a) PL spectra of P50 in solution, aggregates, fibre and in film states; (b) Polarized 
PL of supramolecular nanowires. I∥ and I⊥ are the fluorescence obtained by the polarization 





To test the photoluminescence properties, as shown in Figure 4.13a, aggregates in 
methanol solution exhibit 5 nm blue shift compared with dilute solution state, which 
resulted from the solvent effect. Meanwhile, an enhanced TBtT emission was also 
observed due to the closer distance between polymer chains and effective 
fluorescence resonance energy transfer (FRET) occurred in such nuclear solution. 
Such enhancement was more obvious in thin film because of the dominant role of 
inter-chain energy transfer from fluorene units to TBtT units. However, to our 
surprise, the emission of TBtT in thin film showed a 36 nm blue-shift (579 nm) from 
their solution, and oppositely a 15 nm red-shift was observed in nanofiber of P50. 
This is probably caused by a different solid state energy confinement and the 
promoted π-π stacking.  
     The assembled nanofibres can also be demonstrated on polarized optical 
microscopy (POM). Linear polarised light is used to selectively excite fluorophores 
with dipoles in similar orientation which is known as photoselection. The 
measurement is achieved by addition of polarisers in the excitation and emission 
paths of the spectroscopy system. Emission polariser is rotated from a parallel to a 
perpendicular orientation relative to excitation polariser. The emission of nanofibres 
varied significantly between the parallel (I//), perpendicular (I┴) polarised direction 
and no polarizer (I0) as shown in Figure 4.13b. The most intense emission was 
obtained without any polarizer (I0) at 619 nm, while the emission intensity drop 
obviously upon I// which can be interpreted by the random arrangement of nanofibers 
on the substrate, leading to random dipole moments. The emission intensity further 
diminished to minimal upon rotating the polarizer by 90o from this position with an 
anisotropy value r (r=(I//-I┴)/(I//+2I┴))  of 66%. Such high degree of fluorescence 
polarization can be attributed to the high degree of organization and high anisotropy 
of TBtT molecular packing within the 1D nanofibres as illustrated by XRD and 
SAED. From the fluorene side, the noisy peaks from 452 to 473 are possibly due to 
light scattering. Thus the main peak from 400-450 was merged because of the high 
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background and anisotropy value will decrease with increasing the number of 
scattering events. When perpendicular polarizer was applied, two peaks at 415 and 
437 nm from trimer of fluorenes didn’t change whereas the TBtT side obviously 
dropped. It could be envisioned that the fluorene is less oriented π-conjugated 
structure in the nanofibres. The degree of depolarisation is measured by resolving I// 
and I┴ relative to the dipole moment of molecules. From the DFT computations, the 
main transition dipole moment of each fluorene is parallel to the molecule plane, 
leading to random arrangement along the polymer because of torsion angle between 
benzene rings. The thiophene and benzothiadiazole is closely co-planed with same 
dipole direction, which is more orderly than fluorenes. Thus, besides solvophobic 
interaction between B-POSS and methanol, the packing of TBtT should be another 
main driving force for π-π stacking. For comparison, the anisotropy value measured 
in solution state is ca. 4 while it is 14.5 in film state as demonstrated in supporting 
information, indicating a relative regular alignment in film form. 
4.4 Applications of TCNQ Quenched P50 in Detection Protocols 
 
Figure 4.14 (a) UV-vis absorption spectrum of TCNQ and PL spectra of both OFl3 and P50. 
(b) Fluorescence sensing of P50 from 3 nM to 18 µM. 
 
In some of sensors based on conjugated polymer based FRET, the capacity of 
in situ chemical conjugation has been paired with fluorogenic change, whereby 
fluorophore emission increases/decrease upon reaction with its target.215 This has the 




imaging. Our results demonstrated that even at an extra low concentration there is 
intra-chain FRET. To reduce detection background, it is reasonable to adjust the 
acceptor’s ratio in the backbone as well as separate donor with acceptor. That’s why 
we vary the percentage of Bt as demonstrated in the synthesis period. As widely 
known that nitro-aromatic compounds are highly explosive and environmentally 
deleterious substances that have causing society concern, therefore, the development 
of sensitive materials has attracted considerable research efforts in recent years. In 
this case, P50 was also tried in detection of a substitute for explosives which is 
tetracyanoquinodimethane (TCNQ).  TCNQ was selected because explosives are 
strictly control in Singapore and TCNQ also have four strong electron deficient 
cyanogroups. Moreover, TCNQ is plane molecule which may form π-π stacking with 
OFl3 and TBtT. Figure 4.14 shows that the absorption spectrum of TCNQ is half 
overlapped with the emission spectrum both P50 which is mainly emitted by OFl3. 
The overlap of spectrum provides the possibility of FRET from P50 to TCNQ. The 
addition of TCNQ in THF to P50 induced the fluorescence quenching as shown in 
Figure 4.14. Both OFl3 and TBtT are decreased when the concentration of TCNQ is 
as low as 3 nM. In this system, one possible explanation is that the excitated state 
energy of OFl3 is transferred to both TBTT and TCNQ, resulting two peaks decrease. 
4.5 Summary 
In this work, the synthesis of sequence-controlled new fluorene-benzothiodiazole-
thiophene-POSS copolymers we reported and studied both intra-and inter-chain 
FRET systematically. Steady state and time-resolved photoluminance demonstrate 
that intra-chain energy transfer can occur at a quite low concentration and the 
enhancement factor is as big as 200. Inter-chain energy transfer still play dominant 
role as verified. P50 can also surprisingly self-assemble to strong luminescent 
supermolecular nanofibers hard to realize in most polymer system. Detailed 
characterization demonstrates that self-assembly of P50 is a result of strong 
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solvophobic interaction between POSS and methanol as well as π-π stacking. The 
designed polymer exhibit morphology dependent optical properties, providing 
insights for device designation, especially in white color emissive devices and 
emerging technologies based on organic semiconductors. This kind of copolymer was 
















Chapter 5. POSS based thermoplastic with epoxy 
functional groups as fillers 
5.1 Background on Epoxy Resins 
Epoxy resins are one of the most importance classes of thermosetting polymer. They 
are widely used as adhesives, structural materials and composite matrices in 
aerospace and electronics industries due to their good mechanical and thermal 
properties, high chemical and corrosion resistance. However, epoxy resins are 
inherently brittle due to highly cross-linked structure which makes them vulnerable to 
microcracks and limited their applications. 216,217 The incorporation of soft rubbers as 
fillers can improve fracture toughness but also decrease the glass transition 
temperature (Tg) of the epoxy matrix
218. Typically, 15-20 wt% are required for 
toughening effect whereas such high doping ratio also causes loss of desirable 
property of epoxy.219 Rigid silica nanoparticals were found to improve fracture 
toughness and stiffness but the toughening efficiency is usually much lower than 
rubber.220 Furthermore, the addition of silica nanoparticals has been found to be not 
effective on Tg or the yield stress of epoxy due to weak interface compatibility 
compared with carbon based epoxy.221 Carbon materials such as carbon nanotube and 
graphene are ideal toughening materials in terms of mechanical strength and high 
specific surface area which can transfer stress across interfaces and provide 
reinforcement.222-224 The main challenge still lies in separating CNTs and graphene to 
dispersed state in polymer matrices. Besides homogeneous dispersion, carbon 
materials also lack of strong interfacial interaction with the polymer matrix.  
Toughening with thermoplastics has been examined for many years as 
modifier in high performance composite matrices, due to their inherent toughness and 
readiness in blending.225 Furthermore, they generally do not decrease the mechanical 
properties much. Thermoplastic polymers such as polysulfone, polyetherimide and 
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polyphenyloxide have been reported to toughen epoxy resins.226 Polyaniline 
(PANI)/polyurethane (PU) were also incorporated into epoxy and improved strength 
was obtained with 27.5% PU content.227 On the other hand, coupling of inorganic 
segments into polymer to afford hybrid materials with improved properties have been 
demonstrated for decades. POSS with a cage-like structure composed of SiO1.5 and 
organic functional groups is a class of interesting building blocks.32 POSS-containing 
polymers have attracted much consideration and found widespread applications in 
high-temperature and fire-resistant materials since it combined properties from 
organic and inorganic components.228 Many POSS-containing epoxy resins have been 
synthesized. Adam et al. reinforced rubbery epoxy network of diglycidyl ether of 
bisphenol A and Jeffamine with POSS. 229 Strong reinforcement was found with 
pendant POSS which act as physical cross-links. Liu et al. incorporated POSS into 
epoxy resins via in situ polymerization.230 Phase-separated structure was obtained 
where spherical POSS-triol particles (0.3-0.5µm in diameter) were dispersed in epoxy 
matrices. Higher initial thermal decomposition, storage modulus and glass transition 
were found. 
Motivated by the toughening effect of thermoplastic polymers and POSS, we 
attempt in this Chapter the preparation of bifunctional POSS incorporated 
thermoplastic polymer chains and examine this as fillers in thermosetting epoxy 
resins. Figure 5.1 shows the basic structure and the process to prepare the proposed 
hybrid fillers. The purpose of investigating diglycidyloxypropyl POSS (G-POSS), 
POSS based thermoplastic epoxy polymer (P10, P50 and P100) and the thermoplastic 
epoxy polymer (P0) itself is to obtain correlation between morphology and the 
resultant epoxy resin toughness. It has been found that increase interaction between 
the fillers and epoxy matrix can efficiently prevent fillers to be pulled out at crack 
point. Therefore, more energy is required to diverting the crack front or progress a 
crack compared with undoped resins by dissipating energy.231,232 It is hypothesized 
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that the dangling hydroxyl group on our proposed thermoplastics can encourage the 
ring-opening reaction during the formation of epoxy resins, the preformed 
thermoplastic polymer can improve compatibility among resins matrix, and bulk 
POSSs are likely to inhibit the curing reaction by reducing the possibility of 
successful crosslinking during reaction. Shorter chains with molecular weight less 
than 15,000 are more miscible in the monomers of epoxy resins and improve the 
processability of the blend. The polymers are highly aromatic, with phenyl backbones 
bridged with oxygen atoms or methylene group, to offer good thermal stability, 
mechanical properties and chemical resistance. The effectiveness of POSS and POSS 
based thermoplastics in toughening epoxy resins are explored. 
 
Figure 5.1 Synthesis of fillers G-POSS and P0, P10, P50 with G-POSS at different weight 
ratios.  Herein, a represent for the blocks with G-POSS segment while b represent for the 
blocks with DER332 segment. 
 
5.2 Experimental  
5.2.1 Materials 
9,9-Bis(4-hydroxyphenyl)fluorene (98%) was purchased from TCI. Diglycidyl ether 
resin (DER332) with an epoxy equivalent weight (the weight of resin containing 1 
equiv of epoxy functional group) of 171−175 g per equivalent was purchased from 
Dow Chemicals (USA). A mixture (denoted as LC 100) of 3,5-diethyltoluene-2,4-
diamine, 75-81 (wt%), and 3,5-diethyltoluene-2,6-diamine, 18-20 (wt%) was from 
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Ethacure. Allyl glycidyl ether (99%), dichloromethylsilane (99%), Pt(dvs), 
tetrabutylammoniumbromide (TBAB), triethylamine (99%) and 
trimethoxyphenylsilane (98%) were from Sigma-Aldrich. All solvent were AR grade. 
Isopropanol (IPA), tetrahydrofuran (THF), methanol, were provided by J. T. Baker. 
THF and toluene were distilled before use.  
5.2.2 Synthesis of G-POSS 
First, bifunctional POSS was synthesized according to Section 3.2.2(c) (labeled as B-
POSS therein and hereafter). 6g of B-POSS was then placed inside a 100 mL flask 
and added with allyl glycidyl ether (2.5 g) and anhydrous THF (50 mL). The system 
was purged for half an hour using highly pure argon and then 3 drops of Pt(dvs) was 
added. The mixture was then refluxed at 65 oC for 36 h to ensure that hydrosilylation 
was completed. The solvent and excess allyl glycidyl ether was removed under 
reduced pressure to afford the G-POSS solids with a yield of 95%.1H NMR (ppm, 
CDCl3): 0.30 (s, 3H), 0.747 (t, 2.0H), 1.69 (m, 2H), 2.45 and 2.66 (m, 2.0H) 2.97 (m, 
1H), 3.17 and 3.47 (m, 2H), 3.34 (m, 2.0H). MALDI-TOF (Product + Na+): 1404.2 
Da (calculated: 1403.2 Da). 
5.2.3 Synthesis of thermoplastics 
All thermoplastics were synthesized in the same way via direct polymerization 
between the DER332 resin and/or G-POSS with 9,9-bis(4-hydroxyphenyl)fluorene. 
By adjusting the mass ratio of DER332 to G-POSS, a series of hybrid thermoplastic 
polymers were obtained as shown in scheme 5.1. Take P10 for example, to a flask of 
DER332 (0.95g, 2.78 mmol), G-POSS (0.11 g, 0.08 mmol), 9,9-bis(4-
hydroxyphenyl)fluorene (1.0 g, 2.86 mmol) and 1,4-dioxane (6 ml) were added. 0.3 
wt% tetrabutylammoniumbromide (TBAB) with respect to the reactants was added 
and used as the catalyst. The reaction was performed at 120 oC for 5 h. Then 1,4-
dioxane was distilled and the polymerization was further carried out at 150 oC for an 
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additional 16 h. A pale solid was removed from the flask and ground into a fine 
powder and washed 3 times in methanol. After drying at 60 oC in a vacuum oven for 
24 h, the product (1.65 g) was obtained with the yield of 80%.  
5.2.4 Fabrication epoxy resins with or without fillers 
To 100 mL flask was added 11.29 g DER332, 2.96 g LC100 and/or 0.75 g filler (P0, 
P10, P50 or G-POSS). 10 mL THF was added to dissolve the mixture, which was 
then stirred at room temperature for 2 hour before removing the solvent. After that, 
the mixture was poured into a glass mold and cured at 130 oC for 1 hour, 160 oC for 2 
hours and 230 oC for 4 hours. Scheme 5.2 shows the basic reaction of neat epoxy 
resins. 
5.2.5 Characterizations 
The NMR measurements were carried out on a Bruker 400 NMR spectrometer. The 
samples were dissolved with deuterated chloroform (CDCl3) and the solutions were 
measured with tetramethylsilane (TMS) as an internal reference. The MALDI-TOF-
MS experiment was carried out on an Autoflex III TOF/TOF equipped with a 
smartbeam pulsed nitrogen laser (λ= 337 nm; pulse width = 3 ns). This instrument 
operated at an accelerating potential of 20 kV in linear mode, with sodium used as the 
ionizing agent. Dihydroxybenzoic acid was used as the matrix with THF as solvent. 
The molecular weights were estimated by GPC on a Waters 2690 Separations Module 
with a Waters 410 Differential Refractometer. HPLC grade THF was used as an 
eluent at a flow rate of 1.0 ml/min, and the column system was calibrated by standard 
polystyrene in THF. Samples were dissolved to a concentration of 1 mg/ml after 
filtered by 0.45µm memberane. A TA Instruments Q500 thermal gravimetric analyzer 
(TGA) was used to investigate the thermal stability of the polymers. The 
measurements were conducted in nitrogen atmosphere from ambient temperature to 
800 oC with a heating rate of 20 oC/min. The temperature of initial degradation (Td) 
95 
 
was taken as the onset temperature at which 5% of weight loss occurs. Calorimetric 
measurements were performed on a TA Instruments Q100 differential scanning 
calorimeter (DSC) in a dry nitrogen atmosphere. The instrument was calibrated with a 
standard indium. A heating rate of 20 oC/min was used. The glass transition 
temperature (Tg) was taken as the midpoint of the heat capacity change as identified 
by the change in the slopes. JEOL JSM-7600F FESEM was used to examine the 
fracture surface of the polymer after the tensile test. The samples were first sputtered 
with gold for 20 seconds prior to SEM analysis. The accelerating voltage was set to 5 
kV. JEOL-2100 TEM was used to observe the morphology of the doped hybrid 
polymers. The samples were first cut using a Lecia Ultracut UCT ultramicrotome and 
placed on carbon coated copper grids and observed under high resolution mode 
operated at 200kV. 
5.2.6 Measurement of Mechanical property 
TA Instruments DMA Q800 dynamic mechanical analyzer (DMA) set on multi-
frequency-strain mode was used to evaluate the viscoelastic mechanical performance 
of the polymer under dynamic loadings. The frequency was set to 1Hz and 
temperature ramped 3.00 oC/min to 240.00 oC. The storage and loss moduli were 
obtained as a function of temperature, while the Tg was determined from the peak of 
the Tan delta versus temperature plot. Samples were first cut into rectangular 
geometry 27 x 12 x 2.7 mm for testing. 
An Instron Universal Material Testing System (Model 5569) was used to determine 
the mechanical properties of the polymer under uniaxial tensile stress, with crosshead 
speed set to 1 mm/min. ASTM D 638 was applied as standard. The polymer plate was 
first ground into dog-bone geometries of dimensions 55 by 13 by 2.7 mm to obtain 
samples for testing. 
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5.3 Results and discussion 
5.3.1 Synthesis of POSS filler (G-POSS) and thermoplastic fillers (P0, P10, 
P50 and P100) 
The G-POSS was synthesized through hydrosilylation reaction between ally glycidyl 
ether and B-POSS.176 Figure 5.1 shows the 1H-NMR spectrum of G-POSS. The 
resonance at 4.98 ppm assigned to Si-H disappeared, indicating that the 
hydrosilylation reaction has been completed. New peaks at 0.75, 1.68, 2.43, 2.65, 
2.97, 3.17, 3.47 and 3.34 ppm are assigned to protons on the glycidyloxypropyl 
groups. 13C-NMR was used to further confirm the structure (Appendix C). MALDI-
TOF-MS was used to measure the molecular weight as shown in Appendix C. The G-
POSS shows peaks at M= 1381.4 (i.e. 1404.45-23) which is in agree with expected 
value at 1380.2.  
Thermoplastic fillers can be  synthesized via epoxy-phenol reaction, 
catalyzed by Lewis base such as quaternary ammonium salts.233 In this work, direct 
polymerization between diepoxy and diphenol was employed to afford thermoplastic 
fillers. The diepoxy monomers used is DER332 and/or G-POSS and the diphenols 
used is 9,9-bis(4-hydroxyphenyl)fluorene. By varying the weight percent of DER332 
and G-POSS, a series of samples labeled as Px, with x denoting the weight percentage 
of G-POSS was obtained. The viscosity of the reaction systems was increasing during 
reaction, suggesting polymerization had occurred. Due to the big size of G-POSS and 
low reactivity of h-OH than 9,9-bis(4-hydroxyphenyl)fluorene, it is impossible for h-
OH to further crosslink with epoxy group in figure 5.1. Thus, I anticipate that the 
products should be linear shape thermoplastics without network formation. The 
resulting products were transparent and homogenous, indicating there is no obvious 
phase separation. All products can be readily dissolved in THF, chloroform and 
dioxane, suggesting no crosslinking during polymerization also. 1H-NMR in Figure 
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5.2 shows typical spectra of P0 and P50. Resonance peaks at 6.75-7.75 ppm are 
assigned to benzene rings on POSS, 9,9-bis(4-hydroxyphenyl)fluorene and DER 332. 
New peaks appearing at 4.1 and 4.3 ppm are assigned to protons of methylene groups. 
Ethyloxy groups shifted from 3.35 ppm to 3.75 ppm and methyl silicate groups 
shifted from 0.36 ppm to 0.30 ppm after polymerization. 1H-NMR spectra indicates 
that the thermoplastics combined the structural features from G-POSS, DER332 and 
9,9-bis(4-hydroxyphenyl)fluorene.  
 
Figure 5.2 1H-NMR spectra of G-POSS, P0 and P50. 
 
GPC was used to determine the molecular weight and polydispersity of the 
resultant polymers and the results are summarized in Table 5.1. It can be seen that 
higher ratio of DER332 lead to higher molecular weight. Molecular weight of the 
thermoplastics was significantly decreased from P50 to P100 indicating that the 
polymerization with G-POSS can be obtained at lower G-POSS content. The decrease 
of molecular weights was attributed to the lower reactivity of G-POSS compared with 





































restrict the space during polymerization. Meanwhile, the small polydispersity index 
value also indicated the thermoplastic property of the products. 
Table 5.1 Molecular weights and thermal properties of the thermoplastics prepared. 
Nanofiller Mw (Daltons) Polydispersity Index Tg (oC) Td (oC) Residual (%) 
P0 31,100 2.014 158.71 401.51 27.66 
P10 15,500 1.915 129.91 413.38 26.75 
P50 14,800 2.364 120.63 394.58 51.38 
P100 2,700 1.109 59.09 404.31 38.16 
 
5.3.2 Thermal properties of fillers 
TGA was applied to evaluate the thermal stability of thermoplastics as shown in 
Figure 5.3a and values are summarized in Table 5.1. All hybrid thermoplastics 
exhibited similar decomposition temperature (Td) to P0, suggesting that the 
incorporation of G-POSS did not significantly alter the degradation process. P50 
displayed lower Td value than P0 because of its lower molecular weight and wider 
distribution of molecular weight. It is proposed that the polymer chain scission is 
sensitive to molecular weight and distributions during mass loss in TGA.234 From the 
slope of decomposition, the maximum rate of degradation for hybrid thermoplastics 
was much slower than P0, indicating that POSS prevented the random-chain scission. 
The hybrid thermoplastics showed higher residuals than P0 without POSS. The 
increased yield of degradation is due to the formation of ceramics from POSS moiety 
during decomposition. Residuals of P10 were close to P0 due to low ratio of POSS 
which just account for 1.4 mol%. P100 did not show higher residuals than P50. This 
observation could be due to the lower molecular weight of P100 which actually is 
assigned as oligomer. Differential scanning calorimetry (DSC) was used to measure 
glass transition temperature (Tg) as shown in Figure 5.3b and values are summarized 
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in Table 5.1. We didn’t show the heating and cooling transitions because the 
thermoplastics may crosslink at high temperature with high energy provided for 
overcoming the steric hindrance. All the thermoplastics displayed single and 
composition-dependent Tg in the range of temperature investigated. The Tg of P0 was 
about 158 oC. While the Tg value of the hybrid thermoplastics were lower than that of 
the control sample P0. Furthermore, results showed that the higher mass ratio of G-
POSS, the lower Tg in the hybrids. It is proposed that the introduction of bulky POSS 
into the main chains of thermoplastic increased free volume between polymer 
chains.234 The increased free volume could reduce packing density of polymer chains 
in the glassy state. As a result, the polymer chains rotated more freely, leading to 
lower Tg value.  
 
Figure 5.3 (a) TGA  and (b) DSC curves of P0, P10, P50 and P100. 
 
5.3.3 Morphology of epoxy resins 
Both neat epoxy resins (ER) and doped epoxy resin (ER-POSS, ER-P0, ER-P10, ER-
P50) are homogeneous and transparent mixtures, indicating that all fillers are miscible 
with DER332 and LC100. The miscibility could be due to similar structure of 
thermoplastics and the formation of intermolecular specific interactions between 
fillers and resin matrix. Figure 5.4 presents the TEM micrograph of the resins 
containing 5 wt% of fillers. The dark lines in each image were due to sample cutting. 
TEM results show that there is no phase separation in both ER and ER-P0, indicating 
good compatibility of P0 with the epoxy matrix. According to the difference in 
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transmitted electronic density between epoxy matrix and POSS, the dark spherical 
particles were assigned to POSS aggregates in ER-P50 and ER-POSS and white 
region were epoxy resins. As the amount of POSS increase, the number of particles 
was also increased from Figure 5.4c to Figure 5.4d.  
 
Figure 5.4 TEM images of epoxide resins doped with various fillers (a) neat ER, (b) ER-P10, 
(c) ER-P50 and (d) ER-POSS.   
 
5.3.4 Thermal properties of epoxy resins 
Figure 5.5 shows the TGA and DSC plots of ER and doped ER samples. Td at 5 wt% 
lost was found at 377 oC for neat ER while much higher Td was found in doped ER. 
This is due to poor thermal stability of carbon-hydrogen groups in ER without 
protection. Heat flow during heating destroyed of the whole network of resins. With 
only 5 wt% doping, all doped ER with exhibited similar Td at ~390 
oC, suggesting a 
higher cross-link density. On the other hand, it is proposed that POSS unit might 
undergo some pyrolytic condensation in nitrogen, which lead to heat resistant layers 
as thermal barriers.229 P10 showed the highest value at 392.5 oC which is 4.1% 
increase in Td. It is noted that all curves displayed same decomposition rate at 
maximum decomposition temperature range (400-430 oC). This is due to the low 
doping ratio (5 wt%) of fillers which didn’t change the intrinsic properties of epoxy 
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resin itself. Furthermore, similar residual yields were found in both neat and doped 
resins, showing that the main composition is epoxide resins. 
DSC thermograms of all samples exhibited single glass transition 
temperatures, indicating the completely cured structures and uniformly dispersion of 
fillers in all samples. The single glass transitions are assigned to epoxy matrices since 
the fillers cannot be detected due to small amounts. The glass transition of neat ER 
was found at 185.9 oC. Both ER-P10 and ER-POSS displayed enhanced Tg at 190.1 
and 194.5 oC, respectively. The increment of Tg refers to the reduction of matrix chain 
mobility in the presence of fillers.235 During fabrication of epoxy resins, the fillers 
bridged into the matrix with dangling hydroxyl groups and a strong interface was thus 
produced. The strong force confined the mobility of chains at Tg, contributing to the 
enhanced Tg. When P50 and P0 was used as fillers, Tg dropped to 182 and 179 
oC in 
ER-P50 and ER-P0, respectively. It has been proposed that the decreased Tg could be 
due to the increased free volume in P50. The high POSS ratio and density in P50 
might be restricted from further crosslinking with polymer matrix because of the 
bulky POSS cage at nanoscale.230,236 Thus, lower crosslinking density in epoxy resins 
could lead to lower Tg. The lower Tg in P0 was due to the plasticizer effect in P0 
doped polymers.237  
 






5.3.5 Dynamic mechanical analysis of epoxy resins 
To study the toughening and reinforcing effect, thermomechanical properties of the 
epoxy resins were determined by DMA. Figure 5.6 showed storage modulus, loss 
factor tan δ and loss modulus of the epoxy resins as functions of temperature. 
Compared with ER, storage modulus above the Tg in Figure 5.6a increased in ER-P0, 
ER-P10 and ER-P50 while decreased in ER-POSS. The increase might be due to the 
segmental confinement imposed by polymer fillers in the epoxy matrix. It is proposed 
that the modulus decrease in ER-POSS is due to disordering of reinforcing crystalline 
domains.229  
DMA identifies Tg at which there is sufficient vibration energy for cross-
linked chain rearranging. The Tg here characterized by the position of the maximum 
of tan δ is significantly affected by the presence of filler as shown in Figure 5.6b. It is 
noted that the Tg of all doped resins distributed at two sides of neat ER at 192.7 
oC. 
The results are in good agreement with those obtained from DSC. There are two 
factors affecting the value of Tg in POSS containing nanocomposites. On one hand, 
the nanosize POSS cages bonded into the polymer networks could restrict mobility of 
polymer chains. This was found in ER-P10 and ER-POSS and Tg was 194.5 and 
195.1, respectively. On the other hand, the bulky POSS group could increase free 
volume of the system, result in the depression of Tg. The high ratio of POSS in the 
main chain of P50 provides higher free volume between chains, leading to glass 
transition at 185.4 oC.  
The loss modulus represents the energy dissipation due to internal friction 
related to the motion of the polymer chains. The amplitude of the loss modulus is a 
measure of the amount of relaxing chains. The maximum of loss modulus continue to 
increase from 185.8 MPa in ER to 186.1 MPa (ER-P50), 198.1 MPa (ER-P10) and 
201.6 MPa (ER-P0). This indicates that the mobility of the polymer chains is 
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enhanced in the glass transition temperature process. ER-POSS showed reduced peak 
in loss modulus, implying a diminishing fraction of free polymer chains due to the 
higher cross-linking density in ER-POSS which is in consistent with the increased 
cross-link densities of resins. 
 
Figure 5.6 (a)Storage modulus, (b) loss factor tan δ and (c) loss modulus of the epoxy resins 
and those doped with P0, P10, P50 and G-POSS. 
 
5.3.6 Mechanical properties of epoxy resins 
Fracture toughness and tensile tests were conducted to evaluate the reinforcing and 
toughening effects in the hybrid polymers. Figure 5.7a shows the typical stress-strain 
curves of neat epoxy and the doped epoxy samples. Compare with ER, all doped 
resins exhibit higher stress value from the slope of curves, indicating higher stress 
absorption ability. Meanwhile, the hybrid polymer doped resins gave larger 
elongation at break, suggesting improvement of ductility and higher stress release 
ability after doping. However, ER-POSS shows smaller elongation at break. This 
might due to the rigid interface of POSS which could serve as stress concentrator and 
quickly pass stress through resin matrix result in early break. To make it clear, an 






POSS and hybrid thermoplastics show toughing effect toward epoxy resins and more 
ratio of conjugated segment, higher toughening effect. Figure 5.7b shows that 
Young’s modulus and tensile strength also increased in all doped resins. The sample 
with POSS showed the maximum average modulus of 3716 MPa, an improvement of 
about 26.9 % compared with that of neat epoxy at 2927.1 MPa. Compare ER with 
ER-POSS, both modulus and strength increased but the elongation at break decreased. 
This further confirmed the rigid surface of POSS. Compare ER with ER-P0, ER-P10 
and ER-P50, both Young’s modulus and strength increased. Furthermore, the 
toughness and elongation at break also increased. This is because the hybrid 
thermoplastics could serve as both force collection center and stress release center. 
On one hand, the incorporation of POSS allow force to be transferred from matrix to 
POSS segment, so that the strength and modulus increased. On the other hand, the 
flexible conjugated segment could serve as stress release part, so that energy can be 
dispersed into the whole resins, leading to higher elongation. Therefore, unlike 
toughening epoxy with rubber particles,218 incorporation of POSS based 
thermoplastics into epoxy networks can toughen the epoxy resins without sacrificing 




Figure 5.7 Typical (a) stress-strain curve and (b) tensile relations curves of neat epoxy and 
doped epoxy. (c) Integration curve of stress-strain.  
 
5.3.7 Morphology of fracture surface 
To understand the toughening mechanism of doped epoxy resins, the fracture surface 
at broken point is examined by SEM. Figure 5.8a demonstrates that the fracture 
surface of ER is very smooth, indicating a brittle failure mode of weak resistance to 
crack initiation and propagation. In contrast, the fracture surface with 5 wt% fillers is 
rougher as shown in Figure 5.8b,c,d,e. Furthermore, large area of tortuous was 
observed in doped resins. In case of ER-POSS, the numerous parallel microcracks 
with tortuous can be observed as marked by circles. However, theses microcracks did 
interact and form the dendritic, branched patterns as observed in ER-P50, EP-P10 and 
ER-P0. The density and branching of microcracking could be related with the 
ductility and toughness. The greater the microcracking density and interaction, the 
more tortuous the path of crack propagation and the greater the toughening observed 
in the order P50>P10>POSS. Crazing and plastic deformation could be the main 
energy-absorbing process, resulting in an increase of energy for crack propagation.238 
The greatest toughening effect was observed in ER-P0, in which crack path deflection 





further confirmed the toughening effect induced by the incorporation of thermoplastic 
polymers. 
 
Figure 5.8 FE-SEM micrographs showing of fracture surface of epoxide resins (a) ER; (b) ER-
POSS; (c) ER-P50; (d) ER-P10 and (e) ER-P0. 
 
5.3.8 Hardness and Elastic modulus of epoxy resins 
Hardness is how resistant a solid material is when a force is applied. The macroscopic 
hardness is characterized by strong intermolecular bonds. Nanoidentation hardness 
here is to measure the resistance of various epoxy resins deformation due to a 
constant compression from a sharp object. Figure 5.9 shows the nanoidentation 
results of neat epoxy resin and doped epoxy resins. For both POSS doped and 
thermoplastic doped system, a modest change in hardness is observed. The 
incorporation of POSS lead to high crosslink density in the composites, and this could 
result in high hardness. However, it is surprising to observe that hardness is 
decreasing from ER-P0 to ER-P50. This indicates that hardness is more sensitive to 
the soft interphase around POSS core.239 Elastic modulus is used to describe the 
elastic deformation of a substance when a force is applied to it. It is defined as the 
slope of stress versus strain curve in the elastic deformation region. So, a stiffer 
material will have higher elastic modulus. This is in agreement with our indentation 
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results. All the prepared thermoplastics showing toughening effect compared with 
neat ER. 
 
Figure 5.9 Hardness and elastic modulus of the neat epoxy resins (ER) and the various doped 
ER samples.  
 
5.4 Summary 
Organic-inorganic hybrid thermal plastic epoxies with POSS in the main chain were 
prepared. G-POSS was synthesized via hydrosilylation reaction between 3,13-
dihydrooctapheny POSS and allyl glycidyl ether. By adjusting the ratio of G-POSS to 
DER332, variable content of POSS in the main chain of hybrid polymer were 
obtained with bisphenolfluorene via open ring reaction. Compared with POSS and 
pure thermal plastic doped resins, the hybrid polymers offer a good balance in glass 
transition temperature, stiffness, compatibility as well as fracture toughness for epoxy 
resins. At 5 wt% of doping ratio, the modified epoxy resins showed enhanced 
strength and toughness. Young’s modulus increased to 3.7GPa which is 27 % 
increment compared with neat epoxy at 2.9 GPa. The glass transition temperature was 
also enhanced from 192.7 oC in neat epoxy to 194.5 oC. Similar trend is observed for 
docompostion temperature was enhanced from 377.5 oC to 392.5 oC, 3.97% 
increment. Based on fracture surface analysis, the toughening mechanism is attributed 




Chapter 6. Conclusions and Outlooks  
6.1 Conclusions 
The main purpose of this thesis is to study the various effects of polyhedral 
oligomeric silsesquioxanes (POSS) on small molecules and polymers. To achieve this, 
a series of new hybrid materials with POSS were designed and synthesized and 
applied them for opto-electronic and mechanical applications. Four main works have 
been undertaken.   
Firstly, a new approach to enhance the thermal stability of organic dyes was 
proposed. It was found that the obtained POSS-AB hybrid by coupling POSS to 
azobenzene, showed higher decomposition temperature at 350 oC. This is about 177 
oC increase compared to the parent dye molecule. Most importantly, it was also found 
that the attachment of POSS does not affect the photo-physical properties of 
azobenzene. A possible explanation is that POSS works as thermal barrier due to its 
low thermal conductivity. This finding provides a new way to stabilize small dye 
molecules and may broaden their applications to high temperature organic devices. 
        Secondly, the effect of POSS on oligomers was also examined. a series of pearl 
necklace-like hybrid polymers containing POSS and oligofluorenes were designed 
and synthesized. These hybrid polymers were made by coupling bi-functional POSS 
(B-POSS) and oligofluorene segments (monomer, dimer and trimer) via 
hydrosilylation polycondensation. The obtained hybrid polymers showed enhanced 
solubility and thermal stability compared with the corresponding neat organic 
conjugated polyfluorene. Studies also revealed that the hybrid polymers combined 
both the properties of the polymers, such as easy film formation, and characteristics 
of oligofluorenes such as structural uniformity and regularity, and well-defined 
optical properties. Optoelectronic analyses show that the presence of these 
interconnecting B-POSS can effectively reduce red-shift in PL and 
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electroluminescence during film formation. These hybrid poly(oligofluorenes) display 
stable blue emission with high color purity. Thermal analyses also indicate that they 
are vitrified polymers with high glass transition temperature (up to 125 oC). OLED 
devices made from these hybrid polymers showed good device efficiency of 0.785 
(Cd/A) and pure blue electroluminescence with Commission Internationale de 
L’Eclairage (CIE) coordinates of (0.17, 0.12).  We believe this strategy could be 
extended to other conjugated systems to control color purity in electro-active 
materials and hold promise as new emissive materials for various applications.  
Thirdly, Föster energy resonance transfer (FRET) was studied in POSS sequence-
controlled hybrids. It was found that both intra-and inter-chain energy transfer co-
exist in these polymers. Steady state and time-resolved PL demonstrated that intra-
chain energy transfer occurred at quite low concentration and the enhancement factor 
is as high as 200. At higher concentrations, inter-chain energy transfer begin to play a 
dominant role as expected. This study offers an alternative interpretation in energy 
transfer between chromophores and showing a promising application in white color 
emissive devices and biosensors. A direct application of these hybrids as sensor in the 
detection of substitute for explosive molecule was carried out. Furthermore, this study 
also examined the effect of POSS assisted self-assembly of the hybrid polymers into 
nanofibres in methanol. Polymer nanofibers were grown on silicon wafer surface by 
casting a pre-nucleation solution followed by solvent evaporation. It was found that 
these nanofibers have a diameter of 100 nm and length of tens of micrometers. XRD 
and SAED indicated that polycrystalline structure was formed. It is likely that the 
symmetrical structure of POSS and π-π stacking among benzene ring has facilitated 
the self-assembly. Moreover, this designed polymer nanofibers showed high 
fluorescent quantum yield without self-quenching in the solid state. Results suggest 
that the introduction of POSS could reduce inter-chain distance which favors packing 
between chains. The assembly mechanism is in agreement with previous observation 
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in terms of POSS and conjugated polymer. This finding is significant because it 
provides an easy way to fabricate polymer nanowires on silicon wafer.  
Fourthly, organic-inorganic hybrid thermal plastic epoxy with POSS in the main 
chain were prepared. Diglycidyloxypropyl POSS was synthesized via hydrosilylation 
reaction between B-POSS and allyl glycidyl ether. By adjusting the ratio of B-POSS 
to DER332, variable content of POSS in the main chain of hybrid polymer were 
obtained with bisphenolfluorene via ring opening reaction. Compared with POSS and 
polymer, the hybrid polymers offer a good balance in glass transition temperature, 
stiffness, compatibility as well as fracture toughness for epoxy resins. At 5 wt% of 
doping ratio, the modified epoxy resins shows Young’s modulus of 3.7 GPa, which is 
27 % increment compared with neat epoxy at 2.9 GPa. The glass transition 
temperature was also enhanced from 192.7 oC in neat epoxy to 194.5 oC and 
decomposed temperature was enhanced from 377.5 oC to 392.5 oC, 3.97% increment. 
Based on fracture surface analysis, the toughening mechanism is attributed to crazing 
and plastic deformation which results in an increase of energy for crack propagation.  
6.2 Outlooks 
One issue in POSS-AB is that this hybrid was found to exhibit unique crystal 
structure. It is uncertain if POSS-AB can form homogeneous films in devices. Future 
research should attempt to apply POSS-AB as photo-switching polymer 
nanocomposites by blending POSS-AB with PET or PU.  
Limitation of the POSS-OFls system is that a higher open circuit voltage is 
necessary due to low conductivity. To address this problem, longer oligomers should 
be attempted in future work.   
It should be noted that the growth poly(OFl3-POSS-TBtT) fibers on other substrate 
is limited due to different hydrophobicity. Further work is needed to modify different 
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substrate for wider applications. Such substrates include mica, carbon film and glass 
as reported before.  
Lastly, for the toughening of epoxy resins, a softer segment such as alkyl chains or 
long conjugated chains between POSS would be better to enhance Young’s modulus 
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13C-NMR of B-POSS 
 
 





1H-NMR of 9,9′-Bis(6-octyl)-2,7-diethynylfluorene  
 
 






1H-NMR of 9,9,9’,9’-tetraoctyl-2,7-[bis(2-trimethysilyl)ethynyl)]bifluorene  
 





1H-NMR of 9,9,9’,9’-tetraoctyl-2,7-diethyny-bilfluorene  
 










1H-NMR 9,9,9’,9’,9”,9”-hexaoctyl -2,7-diethyny-bilfluorene  
 






1H-NMR and 13C-NMR of P1 
 
 






1H-NMR of P3 
 
 








Enhancement factor calculation: 





P30-1: 5.92/[(12/114349)*(1/31)]=17.4*105  
 
 
PL spectra of all copolymers in methanol with different concentration. Measurements 





















































































































































Fluorene-POSS-TBtT: 55.034 Å 
Si to Si horizontally: 8.693 Å 
Benzene to benzene vertically: 13 Å 
Trimer of fluorene: 30.444 Å 
Vertical of B-POSS: 13.481 Å and 13.499 Å 
 










TEM images and selected area electron diffraction (SAED) of P50 nanofibers 
 





























Polarized fluorescence of P50 in solution and film states 
 
 


































































































1H-NMR of G-POSS 
 




Mass spectrum of G-POSS from MALDI-TOF 
 
 
GPC of thermoplastics 
